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FOREWORD 
T h i s  r e p o r t  was p r e p a r e d  by MITHRAS, a d i v i s i o n  of s a n d e r s  a s s o c i a t e s  
i n c . ,  f o r  t h e  N a t i o n a l  Aeronau t ics  and Space A d m i n i s t r a t i o n ,  L i q u i d  Rocket 
Research and Technology Branch, Washington, D .  C .  M r .  H a r t w e l l  Long of t h e  
J e t  P r o p u l s i o n  L a b o r a t o r y ,  C a l i f o r n i a  I n s t i t u t e  of Technology was t h e  
T e c h n i c a l  Manager- 
The i n v e s t i g a t i o n s  whose r e s u l t s  a r e  r e p o r t e d  h e r e  r e p r e s e n t  t h e  work 
accomplished d u r i n g  Phase  I1 of C o n t r a c t  NAS 7-576 d u r i n g  t h e  p e r i o d  1 J u n e  1968 
t o  1 February 1970. Phase  I of t h i s  c o n t r a c t  was completed on 1 J u n e  1968 and 
i s  documented i n  t h e  r e p o r t  e n t i t l e d  " P r o p u l s i v e  Re-Entry ~ e r o d ~ n a m i c s " '  by 
P. 0 .  J a r v i n e n ,  R. W .  Luce and E .  Wachsler .  A n a l y t i c a l  methods were  developed 
d u r i n g  Phase  I t o  p r e d i c t  t h e  f low f i e l d  i n  t h e  immediate v i c i n i t y  of a p l a n e t a r y  
e n t r y  sys tem composed of a n  a e r o s h e l l w i t h  a s i n g l e  r e t r o r o c k e t  which e x h a u s t s  
i n t o  a s u b s o n i c  o r  s u p e r s o n i c  counter- f lowing p l a n e t a r y  atmosphere.  I n  Phase 11, 
a d i g i t a l  computer program was developed f o r  t h e  a n a l y t i c a l  s o l u t i o n s ,  and an  
e x p e r i m e n t a l  wind t u n n e l  t e s t  program was conducted t o  e x p l o r e ,  i n  a  g e n e r a l  
manner, s i n g l e  and m u l t i p l e  r e t r o r o c k e t - f r e e  s t r e a m  i n t e r a c t i o n s  and t o  o b t a i n ,  
i n  p a r t i c u l a r ,  e x p e r i m e n t a l  r e s u l t s  t o  t e s t  t h e  a n a l y t i c a l  model developed i n  
Phase  I. 
The r e s e a r c h  r e p o r t e d  h e r e  was performed i n  t h e  Aerosc ience  Department of 
MITHRAS under t h e  d i r e c t i o n  of t h e  depar tment  manager, M r .  J .  A. F. H i l l .  M r .  P .  
0 .  J a r v i n e n  was p r o j e c t  e n g i n e e r  and w r o t e  t h e  f i n a l  r e p o r t .  The a u t h o r s  
would l i k e  t o  acknowledge t h e  v a l u a b l e  s u g g e s t i o n s  and comments made by J .  A.F. 
H i l l ,  Head of t h e  AeroSciences  Department of MITHRAS, d u r i n g  t h e  p l a n n i n g  and 
performanc6 of t h i s  work. The a u t h o r s  would l i k e  t o  thank  M r .  J .  Wilson f o r  
d e s i g n i n g  t h e  wind t u n n e l  mode,ls, Dk. H.  Dyner f o r  implementing t h e  t h e o r e t i c a l  
a n a l y s i s  f o r  t h e  computer and i ~ r .  E , Wachsler f o r  g e n e r a t i n g  t h e  computer program. 
The e y p e r i m e n t a l  wind t u n h e l  t e s t  program was performed i n  t h e  NASA Ames 
6 '  x  6 '  s u p e r s o n f c  wind t u n n e t  which was o p e r a t e d  by ARO I n c .  p e r s o n n e l .  
W e  would l i k e  e s p e c i a l l y  t o  acknowledge t h e  a s s i s t a n c e  of M r .  T .  B a r r i n g t o n ,  
t h e  ARO p r o j e c t  e n g i n e e r ,  d u r i n g  t h e  test program. 
ABSTRACT 
A n a l y t i c a l  and experimental  phases of t h e  s u b j e c t  i n v e s t i g a t i o n  a r e  
descr ibed .  The a n a l y t i c a l  program f o r  t h e  s i n g l e  jet determines t h e  
te rmina l  shock l o c a t i o n ,  t h e  j e t  boundary, t h e  i n t e r f a c e  p r o f i l e ,  t h e  bow 
shock p r o f i l e ,  t h e  shea r  l a y e r  growth and t h e  dead a i r  reg ion  p r e s s u r e .  
The experimental  program descr ibed  was conducted over t h e  range of M o o =  0 .4 
0 t o  Moo = 2.0 a t  angles-of-at tack up t o  18 and a t  t h r u s t i n g  c o e f f i c i e n t s  up 
t o  C = T/qooAm = 30. Var iab les  i n v e s t i g a t e d  included a e r o s h e l l  ang le ,  T 
number of nozz les ,  engine  t h r u s t ,  s i z e  of nozz le s ,  nozz le  t h r o t t l i n g  and 
gas composition. The in f luence  of t h e s e  v a r i a b l e s  on t h e  a e r o s h e l l  s t a b i l i t y ,  
d rag ,  and loads  was determined by i n t e g r a t i n g  p re s su re  measurements on t h e  
a e r o s h e l l .  The t o t a l  system f o r c e s  c o n s i s t  of components due t o  pure t h r u s t  
and components due t o  p re s su res  on t h e  a e r o s h e l l  a r i s i n g  from t h e  j e t - f r e e  
s t ream i n t e r a c t i o n .  Shadowgraphs provided flow f i e l d  geometries which 
proved t o  b e  w i t h i n  10% of t hose  p red ic t ed  a n a l y t i c a l l y .  
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1. INTRODUCTION AND SUMMARY 
I n t e n s e  i n t e r e s t  h a s  been g e n e r a t e d  r e c e n t l y  i n  v a r i o u s  t e c h n i q u e s  f o r  
t h e  aerodynamic and p r o p u l s i v e  d e c e l e r a t i o n  of p l a n e t a r y  l a n d e r  v e h i c l e s .  
One of t h e  more p romis ing  systems t h a t  h a s  been proposed c o n s i s t s  o f  a  
l a rge-ang led  c o n i c a l  a e r o s h e l l  augmented w i t h  a  r e t r o r o c k e t ( s ) .  T h i s  sys tem 
o p e r a t e s  i n  s u p e r s o n i c ,  t r a n s o n i c  and s u b s o n i c  f l i g h t  regimes d u r i n g  l a n d i n g  
and h a s  a  r e t r o r o c k e t ( s )  which f u r n i s h e s  h i g h  t h r u s t i n g  c o e f f i c i e n t s  ( i . e . ,  
CT > 1 . 0  a t  = 2 . 0 ,  i n c r e a s i n g  t o  C 40 a t  = 0 . 3 )  f o r  d e c e l e r a t i o n  T  
and o p e r a t e s  i n  t h e  p resence  of a  l a r g e  a n g l e  c o n i c a l  a e r o s h e l l  shape .  
The advancement of such a  sys tem,  however, h a s  been s tymied due t o  t h e  
l a c k  of an  adequa te  d e f i n i t i o n  of t h e  i n t e r a c t i o n  of t h e  r e t r o r o c k e t  
e x h a u s t ( s )  w i t h  t h e  coun te r f lowing  atmosphere and t h e  subsequen t  e f f e c t s  on 
t h e  aerodynamic c h a r a c t e r i s t i c s  of t h e  a e r o s h e l l ,  S p e c i f i c a l l y  t h e  e f f e c t s  
of a e r o s h e l l  a n g l e ,  number of n o z z l e s ,  eng ine  t h r u s t ,  s i z e  o f  n o z z l e s ,  
n o z z l e  t h r o t t l i n g  and exhatist  gas  composi t ion on t h e  aerodynamic l o a d s ,  
s t a b i l i t y  and d r a g  a r e  r e q u i r e d ,  
To d e f i n e  t h i s  i n t e r a c t i o n ,  NASA O f f i c e  of Advanced Research and 
Yechnology sponsored  an a n a l y t i c a l  and exper imenta l  i n v e s t i g a t i o n  of t h e  
f low f i e l d  about  a e r o s h e l l - r e t r o r o c k e t  sys tems i n  a  coun te r f lowing  a tmosphere .  
A n a l y t i c a l  methods1 were developed d u r i n g  t h e  f i r s t  y e a r  t o  p r e d i c t  t h e  f low 
f i e l d  i n  t h e  immediate v i c i n i t y  of an a e r o s h e l l  w i t h  a  s i n g l e  r e t r o r o c k e t  
e x h a u s t i n g  i n t o  an oncoming s u p e r s o n i c  f low.  I n  t h e  second y e a r  a  d i g i t a l  
computer program was developed f o r  t h e  a n a l y t i c a l  s o l u t i o n  and a  g e n e r a l  
e x p e r i m e n t a l  i n v e s t i g a t i o n  of t h e  i n t e r a c t i o n  was under taken  which r e c o v e r e d  
b o t h  s u b s o n i c  and s u p e r s o n i c  f r e e  s t r e a m  c o n d i t i o n s .  Comparisons were made 
between e x p e r i m e n t a l  and a n a l y t i c a l  r e s u l t s ,  These r e s u l t s  p r o v i d e  a b a s i s  
f o r  u n d e r s t a n d i n g  t h e  f low f j e l d  about  p l a n e t a r y  l a n d e r  v e h i c l e s  w i t h  
r e t r o r o c k e t  s y s t e m s .  
I n  t h i s  r e p o r t ,  t h e  r e s u l t s  of an e x p l o r a t o r y  e x p e r i m e n t a l  wind t u n n e l  
t e s t  program, performed i n  t h e  N 4 b  ~i~r tes  6 '  x 6' s u p e r s o n i c  wind t u n n e l ,  a r e  
d e s c r i b e d .  Th is  c e s t  program h a s  p r o v i d e d ,  f o r  t h e  f i r s t  t ime ,  many of t h e  
answers n e c e s s a r y  t o  de te rmine  t h e  e f f e c t s  of v a r i o u s  r e t r o r o c k e t  c o n f i g u r a -  
t i o n s  on t h e  sys tem s t a b i l i t y  and d r a g .  I n  a d d i t i o n ,  a  comparison i s  made 
between t h e  t h e o r e t i c a l  p r e d i c t i o n s  of Refe rence  1 and t h e  e x p e r i m e n t a l  
r e s u l t s  f o r  t h e  l o c a t i o n s  of t h e  jet t e r m i n a l  shock ,  j e t  boiindary, i n t e r f a c e  
and bow shock wave i n  t h e  f low f i e l d  of a  s i n g l e  c e n t r a l l y  mounted e n g i n e .  
The e x i s t i n g  l i t e r a t u r e  on t h e  e f f e c t s  of r e t r o r o c k e t s  p r o j e c t e d  up- 
s t r e a m  from t h e  n o s e  of b o d i e s  i n  s u p e r s o n i c  f lows i s  c o n s i d e r a b l e ,  d a t i n g  
back a t  l e a s t  15 y e a r s .  However., n o t  a l l  p r e v i o u s  work h a s  been d e d i c a t e d  
t o  t h e  u s e  of fo rward  f a c i n g  jets f o r  d e c e l e r a t i o n  and t h e  b u l k  of t h e  
m a t e r i a l  p u b l i s h e d  i s  l i m i t e d  t o  s u p e r s o n i c  f r e e  s t r e a m  Mach numbers, 
s i n g l e  j e t s  c e n t r a l l y  mounted, low t h r u s t i n g  c o e f f i c i e n t s  (CT < 0 .5)  and t o  
f low e x h a u s t i n g  from t u b e s  o r  f l a t  f a c e d  c y l i n d r i c a l  b o d i e s .  A review of  
p r e v i o u s  work i s  c o n t a i n e d  i n  Refe rence  1. 
Only a  l i m i t e d  amount of e x p e r i m e n t a l  d a t a  i s  a v a i l a b l e  on m u l t i p l e  
e n g i n e - a e r o s h e l l  combina t ions .  Keyes and ~ e f n e r ~  t e s t e d  a  t h r e e  j e t  con- 
f i g u r a t i o n  on a  s i x t y  degree  h a l f  a n g l e  cone and a  f l a t  f a c e d  model a t  
t h r u s t i n g  c o e f f i c i e n t s  up t o  C = 1 . 2  and a  f r e e  stream Mach number of s i x ,  T 
M, = 6 . 0 .  P e t e r s o n  and ~ c ~ e n z i e ~  made e x p e r i m e n t a l  measurements of t h e  
f o r c e s  and moments on a  s e m i - e l l i p s o i d  body shape  which had f o u r  s i m u l a t e d  
r e t r o r o c k e t s  on t h e  forward f l a t  f a c e  which o p e r a t e d  c o u n t e r c u r r e n t  t o  sub- 
s o n i c  and s u p e r s o n i c  a i r s t r e a m s .  Experiments were performed a t  f r e e  stream 
Mach numbers r a n g i n g  from 0 .25  t o  1 . 9 0  and t o t a l  t h r u s t i n g  c o e f f i c i e n t s  up 
t o  1 0 .  
The p r e s e n t  exper iments  were performed o v e r  a f r e e  s t r e a m  Mach number 
range  from Me = 0 . 4  t o  M* = 2 . 0 .  The wind t u n n e l  models c o n s i s t e d  of a  
s i n g l e  jet 45' a e r o s h e l l  p r e s s u r e  model and s i n g l e  and t h r e e  j e t  60' ae ro-  
s h e l l  p r e s s u r e  models ( F i g u r e  1 )  and a i r  and he l ium were used t o  s i m u l a t e  
t h e  exhaust" g a s .  Three  a i r  n o z z l e  s i z e s  and one hel ium n o z z l e  s i z e  were  
t e s t e d  i n  c o n j u n c t i o n  w i t h  t h e  s i n g i e  e n g i n e  a e r o s h e l l  models. A s i n g l e  
a i r  n o z z l e  s i z e  and a  s i n g l e  hkl ium n o z z l e  s i z e  were t e s t e d  on t h e  t h r e e  
eng ine  a e r d s h e l l .  The t h r e e  eng ine  60' a e r o s h e l l - a i r  n o z z l e  combinat ion 
a s  w e l l  as one of t h e  s i n g l e  a i r  nozz le -  45' and 60' a e r o s h e l l  combinat ions  
s i m u l a t e d  a  r e p r e s e n t a t i v e  Mars l a n d e r  v e h i c l e .  A b r i e f  summary of t h e  
e x p e r i m e n t a l  r e s u l t s  were p u b l i s h e d  p r e v i o u s l y  i n  Reference 15 .  A t h e o r y  
f o r  j e t s  e x h a u s t i n g  c o u n t e r  t o  s u b s o n i c  f r e e  s t reams  may be  found i n  
Refe rence  16 .  
0 
F i g u r e  1 60 A e r o s h e l l  Wind Tunnel  Models.  
2. EXPERIMENTAL METHOD 
2.1 Scaling Parameters 
One of the considerations in the wind tunnel test program was to simulate 
the retrorocket-free stream interaction of representative Mars lander vehicle 
(Table 1, p. 5) using different fluids for the retrorocket exhaust and atmosphere 
in the simulation. It has been shown that proper simulation of 
the exhaust flow may be accomplished if the nozzle exit to ambient pressure 
ratio, P / Pd, as well as the pressure sensitivity of the exhaust flow with 
e: J 
-I dP are matched. In the present investigation respect to flow direction P -dv 
total simulation is accomplished by matching the engine scaling parameter, 
free stream Mach number, thrusting coefficient and plume sensitivity parameter. 
The primary parameter which characterizes the interaction of a retrojet 
with a countercurrent stream is the thrusting coefficient 
The thrust, T, may be written as 
2 
T = PeAe (I+ ye Me 
theref ore, 

It a l s a  f o l l o w s  t h a t  t h e  f low geometry w i l l  depend on t h e  r a t i o  of t h e  
n o z z l e  e x i t  p r e s s u r e  t o  t h e  l o c a l  dead a i r  r e g i o n  p r e s s u r e ,  P,/Pd, s i n c e  
t h i s  pa ramete r  c o n t r o l s  t h e  expans ion  of t h e  e x h a u s t  g a s e s  and t h e  l o c a t i o n  
of t h e  je t  boundary.  S i n c e  Pa cc Pm, t h e  expans ion  of t h e  jet g a s e s  and 
l o c a t i o n  of t h e  j e t  boundary w i l l  b e  s i m u l a t e d  i f  t h e  r a t i o  of P /Pm i s  
2 
matched. From e q u a t i o n  (3)  w e  s e e  t h a t  P  /Pa varies l i n e r a l y  w i t h  Mm 
e T 
f o r  a  g i v e n  n o z z l e  c o n f i g u r a t i o n .  
Rewr i t ing  e q u a t i o n  (3)  i n  t h e  form 
we see t h a t  t h e  r i g h t  hand of t h e  above e x p r e s s i o n  i s  on ly  dependent  on t h e  
n o z z l e  pa ramters  and ym. Th is  w i l l  b e  termed t h e  eng ine  s c a l i n g  paramete r .  
F i n a l l y ,  t h e  d i f f e r e n c e  i n  r a t i o s  of s p e c i f i c  h e a t s  must b e  accounted 
f o r  i n  o r d e r  t o  p r o p e r l y  s i m u l a t e  t h e  r o c k e t  re t ro-plume w i t h  a model 
u t i l i z i n g  a i r .  I n  p a r t i c u l a r ,  compensation i s  r e q u i r e d  f o r  t h e  d i f f e r e n c e s  
i n  t h e  v a r i a t i o n  of f low t u r n i n g  a n g l e  w i t h  p r e s s u r e  r a t i o .  T h i s  may b e  
done by mat f i ing  t h e  v e h i c l e  and model e x h a u s t  gas  p r e s s u r e  s e n s i t i v i t y  
dP # i t k  r e s p e c t  t o  f l o w  d i r e c t i o n ,  1 / P  - . Rewr i t ing  t h i s  c o n d i t i o n ,  we dv 
o b t a i n  ~ P / P  d v ,  s o  t h a t  we p l o t  P  v s  . v on semi log  paper  f o r  t h e  h o t  
r o c k e t  exhaus t  (ye = 1 .28)  and t h e  c o l d  a i r  je t  (ye = 1 . 4 ) ,  o v e r l a y  t h e  
c u r v e s  and t r a n s l a t e  t h e  axes  u n t i l  a  b e s t  f i t  is  found.  The p o i n t  a t  which 
t h e  model c ' l rve  i s  superimposed upon t h e  one f o r  t h e  h o t  r o c k e t  e x h a u s t  w i l l  
y i e l d  t h e  optimum model e x i t  Mach number, Me. Th i s  p rocedure  was a l s o  
fo l lowed  f o r  t h e  he l ium n o z z l e .  
I n  suminary, t h e  s c a l i n g  paramete rs  which were  matched i n  t h e  tests a r e  
LAB (Engine S c a l i n g  Paramete r )  
2 
2A ( 1  + YeMe 
e 
2 , 2  Model Nozzle Design 
The model n o z z l e  d e s i g n  was based  upon a  h y p o t h e t i c a l  Mars l a n d e r  
c o n s i s t i n g  of a n  a e r o s h e l l  w i t h  r e t r o r o c k e t s  (Reference I ) .  Th i s  l a n d e r  
was assumed t o  have  t h e  f o l l o w i n g  e n g i n e  c h a r a c t e r i s t i c s ,  
A*/AB = 3 .31  x  ( t o t  a1 f o r  t h r e e  eng ines )  
The s p e c i f i c  h e a t  r a t i o  of t h e  Mar t i an  a tmosphere  was t a k e n  a s  1.304. 
To s i m u l a t e  t h i s  eng ine  t h e  f i r s t  p rocedure  was t o  match 1 / P  d ~ / d v .  
Th is  r e s u l t e d  i n  a n  a i r  nozzl-e e x i t  Mach number of M = 4.30 (A /A* = -13.95) 
e  e 
and a he l ium n o z z l e  e x i t  Mach number of 3 .2  (A /A* = 3.41) t o  a c h i e v e  a  
e  
good t u r n i n g  a n g l e  match up t o  p r e s s u r e  r a t i o s  of 1000, 
The Mars l a n d e r  n o z z l e  s c a l i n g  paramete r  i s  
From t h i s ,  t h e  r a t i o  of t h e  model b a s e  a r e a  t o  t h e  n o z z l e  e x i t  a r e a ,  Am/Ae, 
and t h u s  t h e  t h r o a t  a r e a  t o  model b a s e  a r e a  r a t i o  A*/Am of t h e  model cou ld  
b e  de te rmined .  For i n s t a n c e ,  f o r  a i r  n o z z l e  2  which s i m u l a t e s  t h e  
r e p r e s e n t a t i v e  Mars l a n d e r  v e h i c l e ,  i t  was found t h a t  t h e  model t h r o a t  area 
r a t i o  was k*/Am = 11.16 x  ( T o t a l  f o r  t h r e e  e n g i n e s )  which f i x e d  t h e  
b a s i c  s c a l e d  model n o z z l e  des ign .  
I n  a d z i t i o n  t o  t h e  b a s i c  s c a l e d  model a i r  n o z z l e ,  two o t h e r  a i r  n o z z l e  
s i z e s  were  s e l e c t e d  such  t h a t  t h e  nibzzle s c a l i n g  parameter  could  b e  made a 
f a c t o r  of two l a r g e r  and s m a l l e r .  The purpose  of t h i s  w a s  t o  p r o v i d e  
in format io r i  a s  t o  t h e  i n f l u e n c e  of t h e  eng ine  s i z e  on t h e  r e t r o  f l o w  f i e l d .  
A hel ium n o z z l e  was a l s o  s e l e c t e d  which s i m u l a t e d  t h e  r e p r e s e n t a t i v e  
Mars l a n d e r  v e h i c l e .  Helium n o z z l e  f low was u - t i l i z e d  t o  de te rmine  i f  
changes i n  exhaus t  gas  compos i t ion ,  which e f f e c t  t h e  mixing between t h e  
f r e e  s t r e a m  and e x h a u s t  g a s e s ,  c a u s e  changes i n  t h e  aerodynamic c h a r a c t e r i s t i c s  
of a e r o s h e l l  v e h i c l e s  w i t h  r e t r o r o c k e t s .  
The model n o z z l e  c o n f i g u r a t i o n s  used i n  t h e  t e s t  are summarized i n  
Tab le  I a l o n g  w i t h  t h e  Mars l a n d e r  n o z z l e .  Note t h a t  t h e  n o z z l e  d e s i g n a t e d  
a i r  n o z z l e  2  s i m u l a t e s  t h e  Mars l a n d e r  n o z z l e .  Th i s  n o z z l e  was t h e  o n l y  a i r  
0 
n o z z l e  t e s t e d  on t h e  t h r e e  e n g i n e  60 a e r o s h e l l .  The column l a b e l e d  
@*/dm) eff is t h e  d i a m e t e r  r a t i o  of a  s i n g l e  e q u i v a l e n t  n o z z l e .  The 
d i a m e t e r  r a t i o  f o r  each n o z z l e  of t h e  t h r e e  e n g i n e  c o n f i g u r a t i o n  i s  e q u a l  
t o  (d*/dm)eff 1 6 
2 .3  Wind Tunnel Models 
The c o n f i g u r a t i o n s  t e s t e d  i n  t h e  A m e s  6 '  x  6 '  Superson ic  Wind Tunnel 
were  
a )  a  f o r t y  f i v e  degree  (45') h a l f  a n g l e  c o n i c a l  
a e r o s h e l l  w i t h  a  s i n g l e  e n g i n e ,  
b )  a  s i x t y  d e g r e e  (60') h a l f  a n g l e  c o n i c a l  a e r o s h e l l  
w i t h  a  s i n g l e  e n g i n e ,  
c )  a s i x t y  d e g r e e  (60') h a l f  a n g l e  c o n i c a l  a e r o s h e l l  
w i t h  t h r e e  e n g i n e s ,  spaced 120' a p a r t  ( F i g u r e  1). 
The models were 4 .0  i n c h e s  i n  d iamete r  and were s t i n g  mounted i n  t h e  wind 
t u n n e l .  ?he r e t r o r o c k e t s  were sup 'p l ied  by a  h i g h  p r e s s u r e  s o u r c e  of d r y  
a i r  and he l ium which w a s  p iped  t o  t h e  model plenum chamber through a 
ho l low stl"eam1ined s t r u t  and s t i n g .  The nose  r a d i u s  and c o r n e r  r a d i u s  of 
a l l  ae ros l . l e l l s  were  twenty p e r c e n t  and s i x  p e r c e n t  r e s p e c t i v e l y  of t h e  
model b a s e  r a d i u s ,  Three  a i r  eng ine  s i z e s  and one he l ium e n g i n e  s i z e  were 
t e s t e d  i n  t h e  s i n g l e  jet model and one a i r  and one hel ium s i z e  were  t e s t e d  i n  
t h e  t h r e e  e n g i n e  c o n f i g u r a t i o n .  A l l  n o z z l e s  used had c o n i c a l  d i v e r g i n g  
0 
s e c t i o n s  w i t h  s e m i v e r t e s  a n g l e s  s f  f i f t e e n  (15 ) d e g r e e s .  
D e t a i l s  of t h e  s i n g l e  eng ine  models a r e  shown i n  F i g u r e s  2 th rough  5 .  
P i t c h i n g  moment d a t a  i s  r e f e r e n c e d  t o  t h e  v i r t u a l  nose  of t h e  a e r o s h e l l  
o  
v e h i c l e s ,  The s i n g l e  e n g i n e  6 ~ '  and 45 a e r o s i i e l i s  were i n s t r u m e n t e d  w i t h  
t h i r t y  (30) p r e s s u r e  t a p s  of .028 i n c h  i n s i d e  d iamete r  i n s t a l l e d  f l u s h  w i t h  
t h e  model s u r f a c e ,  The l o c a t i o n s  of t h e  p r e s s u r e  t a p s  a r e  no ted  i n  
F i g u r e s  3  and 4 and p r e s s u r e  t a p s  numbered 129 and 130 were  used t o  measure 
t h e  b a s e  p r e s s u r e .  The p r e s s u r e  t a p s  on t h e  forward s u r f a c e  of t h e  a e r o s h e l l  
were  l o c a t e d  on seven  c o n c e n t r i c  c i r c l e s .  The ax imutha l  a n g l e ,  4, and  t h e  
r a d i u s  r a t i o  f o r  each p r e s s u r e  t a p  a r e  no ted  i n  Table  11, P.  1 4 .  The g e o m e t r i c  
f e a t u r e s  of t h e  t h r e e  a i r  n o z z l e s  and t h e  hel ium n o z z l e  t e s t e d  w i t h  t h e  
s i n g l e  e n g i n e  a e r o s h e l l  v e h i c l e s  a r e  n o t e d  i n  F igure  5 .  
0 The t h r e e  n o z z l e  60 a e r o s h e l l  model was ins t rumented  ( F i g u r e  6 )  w i t h  
f o r t y  f i v e  (45) p r e s s u r e  t a p s  of which t h e r e  was one edge t a p  (343) and two 
b a s e  p r e s s u r e  t a p s  (344 and 345) .  The geomet r ic  f e a t u r e s  of t h e  t h r e e  
eng ine  a i r  and he l ium n o z z l e s  a r e  shown i n  F i g u r e  7 .  Each e n g i n e  w a s  s c a r f e d  
0 
a t  a n  a n g l e  of t h i r t y  d e g r e e s  (30 ) s o  t h e  n o z z l e  e x i t  p l a n e  would b e  f l u s h  
w i t h  t h e  a e r o s h e l l  s u r f a c e ,  The ax imutha l  a n g l e ,  4, and t h e  r a d i u s  r a t i o  
f o r  each of t h e  t h r e e  eng ine  a e r o s h e l l  p r e s s u r e  t a p s  a r e  no ted  i n  T a b l e  111, P .  17.  
I n  t h e  t h r e e  eng ine  c a s e ,  a l l  n o z z l e s  were  connected t o  a  common mani- 
f o l d  l o c a t e d  beh ind  t h e  a e r o s h e l l  ( F i g u r e  8 ) .  The gas  was t h e n  conducted 
t o  each e n g i n e  through s p e a r a t e  e n g i n e  t u b e s .  Uniform f low p r o p e r t i e s  were  
p r e s e r v e d  by p l a c i n g  a f low s t r a i g h t e n e r  i n  each eng ine  tube .  The e n g i n e  
c i r c l e  was a t  .8  of t h e  a e r o s h e l l  r a d i u s  f o r  t h e  m u l t i p l e  jet  c o n f i g u r a t i o n .  
0 The m u l t i p l e  e n g i n e s  were  s c a r f e d  a t  a n  a n g l e  of t h i r t y  d e g r e e s  (30 ) s o  
t h e i r  e x i t  p l a n e s  would be  f l u s h  w i t h  t h e  a e r o s h e l l  s u r f a c e .  The r e t r o r o c k e t s ,  
d e s i g n a t e d  a i r  n o z z l e  2 (d*/d = 0.0334) and hel ium n o z z l e ,  s i m u l a t e d  t h e  
rh. 
Mars l a n d e r  v e h i c l e  r e t r o r o c k & t  and were t e s t e d  on t h e  t h r e e  e n g i n e  a e r o s h e l l  
model as w e l l  as on b o t h  t h e  45' and 60O s i n g l e  eng ine  a e r o s h e l l  models.  
Engine t h r o t t l i n g  on t h e  m u l t i p l e  e n g i n e  model was accomplished by p l a c i n g  
t h e  p r o p e r  o r i f i c e  p l u g  i n  each e n g i n e  t u b e  on t h e  supp ly  s i d e  of t h e  f l o w  
0 
s t r a i g h t e n e r .  A photograph of t h e  t h r e e  e n g i n e  model i n s t a l l e d  (4 = 30 ) i n  








NOZZLES MOUNTED FLUSH 
WITH MODEL SURFACE 
AIR NOZZLE 2 
HELIUM NOZZLE 4 
0 
F i g u r e  7 T h r e e  Engine 60 A e r o s h e l l  Nozz les .  
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TABLE 111. PRESSUKE TAP LOCATIONS - THREE ENGINE MODELS 
Note: Tap 343 l o c a t e d  on mode l  s h o u l d e r  $==180', r / r  = l . 0  
m 
Tap 344 l o c a t e d  on model b a s e  $=14'-30 ' , r / r  = .6375 
m 
Tap 345 l o c a t e d  on model b a s e  @ = 1 8 0 ~ ,  r/rm=. 5750 

0 Figure 9 Three-Nozzle Model Installed in Wind Tunnel 4 = 30 . 
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2 , 4  I n s  t r u n ~ e n t a t i o n  
-
0 0 The s i n g l e  nozzle  45 and 60 a e r o s h e l l  models were instrumented with 
t h i r t y  (30) p re s su re  t aps  of .028 inch  i n s i d e  diameter i n s t a l l e d  f l u s h  wi th  
the  model s u r f a c e .  The t h i r t y  p re s su re  t a p s  included one edge t ap  on the  
shoulder  of t h e  model and two base p re s su re  t aps .  The t h r e e  nozz le  60' aero- 
s h e l l  model was instrumented wi th  f o r t y  f i v e  (45) p re s su re  t a p s  of which 
the re  was one edge t a p  and two base  p re s su re  t aps .  Sur face  p re s su res  were 
measured w i t h  one bank of 3-24 p o r t  scaniva lve  modules. Model s u r f a c e  
p re s su re  t aps  were connected t o  t h e  scan iva lve  p o r t s  wi th  s t a i n l e s s  s t e e l  
tubing , 
The t o t a l  plenum charnber p re s su re  and t o t a l  temperature were measured 
on s i n g l e  nozz le  models. For t h e  t h r e e  j e t  ca se ,  t he  plenum chamber t o t a l  
p re s su re  f o r  each nozzle  w a s  measured i n  a d d i t i o n  t o  t h e  main supply v a r i a b l e s .  
The engine and supply p re s su res  were measured wi th  h igh  p re s su re  t ransducers .  
Shadowgraphs were taken a t  each d a t a  p o i n t .  
2 , 5  Ranee of Tes t  Var iab les  
The t e s t s  were conducted a t  f ree-s tream Mach Number of 0.40, 0.60, 0.80, 
1.05, 1 .5  and 2.0. Free s t ream t o t a l  p re s su re  w a s  s e t  a t  2  p s i a  f o r  a l l  f r e e  
s t ream Mach numbers, Angle of a t t a c k  d a t a  was taken a t  f r e e  s t ream Mach 
0 
numbers of 0 , 6 ,  1.05 and 2.0 wi th  an angle-of-at tack range from 4-9 t o  -18'. 
The plenum a i r  chamber p re s su re  was v a r i e d  up t o  2700 p s i a .  A summary run 
schedule of the experimental  i n v e s t i g a t i o n  is  presented  i n  Table I V ,  Pages 21-22. 
The range of t h r u s t i n g  c o e f f i c i e n t s  obtained dur ing  t h e  wind tunne l  
t e s t  is shown i n  F igure  10. A i r  nozzle  3 covered the  same range of t h r u s t i n g  
c o e f f i c i e n t s  a s  a i r  nozzle  2 as  w e l l  a s  t h e  shaded a reas .  The v a r i a t i o n  of 
t h r u s t i n g  c o e f f i c i e n t  wi th  f r e e  s t ream Ma.ch number, Moo , f o r  t h e  t y p i c a l  
te rmina l  l ande r  of Reference 1 is  noted.  This l ande r  is  assumed t o  have a  
v e h i c l e  b a l l  i s t i c  c o e f f i c i e n t  f3 of 0.5 s l u g s / f t 2  down t o  a  r e t r o r o c k e t  
ignition a l t i t u d e .  of 5 khlsmeters .  Adequate s imu la t ion  of t h e  r e p r e s e n t a t i v e  
Mars l ander  v e h i c l e  was achieved i n  t h e  p re sen t  experiment.  
TABLE IV. SUMMARY RUN SCHEDULE 
TABLE IV. SUMMARY RUN SCHEDULE (CONTINUED) 
Mm-.FREE STREAM MACH NUMBER 
Figu re  ' 0 Tlzrust ing Coeff ic ien ts  Obta,ined During Wind Tunnel Tes t s .  
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2 . 6  Data  Reduct ion 
P r e s s u r e  c o e f f i c i e n t s  were computed from t h e  i n d i v i d u a l  p r e s s u r e  
measurements made on t h e  model s u r f a c e .  Force  and moment c o e f f i c i e n t s  
f o r  t h e  a e r o s h e l l  models were o b t a i n e d  from i n t e g r a t i o n s  of t h e  p r e s s u r e  
c o e f f i c i e n t s  over  t h e  model f a c e  e x c l u d i n g  t h e  n o z z l e  e x i t s .  The t o t a l  
a x i a l  f o r c e  c o e f f i c i e n t s  were  o b t a i n e d  from a summation o f  t h e  model f o r e -  
body a x i a l  f o r c e  c o e f f i c i e n t  and t h e  n o z z l e  t h r u s t i n g  c o e f f i c i e n t s .  The 
p i t c h i n g  moment c o e f f i c i e n t s  f o r  a l l  a e r o s h e l l s  a r e  r e f e r e n c e d  t o  t h e  ae ro-  
s h e l l  v i r t u a l  nose  and are based  on t h e  model b a s e  a r e a  and d iamete r  and 
t h e  r e t r o t h r u s t  ( t h r u s t i n g )  c o e f f i c i e n t  i s  based  on f r e e  s t r e a m  dynamic 
p r e s s u r e  and model b a s e  a r e a .  
PRESSURE COEFFICIENT 
FOREBODY AXIAL FORCE COEFFICIENT 
- 
= $/%Am - (Pf - Pa ) s i n  8 d A / h  Am 
THRUSTING COEFFICIENT 
TOTAL AXIAL FORCE COEFFICIENT 
PITCHING MOMENT COEFFICIENT 
The p r e s s u r e  c o e f f i c i e n t s  and t h e  forebody a x i a l  f o r c e  c o e f f i c i e n t s  
a r e  e v a l u a t e d  assuming t h a t  f r e e  s t r e a m  s t a t i c  p r e s s u r e  a c t s  on t h e  model 
b a s e .  No C o r r e c t i o n s  have been made t o  t h e  e x p e r i m e n t a l  d a t a  t o  r e f l e c t  
a c t u a l  measured b a s e  p r e s s u r e s .  With t h i s  a ssumpt ion ,  p r e s s u r e  c o e f f i c i e n t s  
w i l l  b e  n e g a t i v e  when t h e  measured p r e s s u r e  f a l l s  below f r e e  s t r e a m  s t a t i c  
p r e s s u r e .  Negat ive  a x i a l  f o r c e  c o e f f i c i e n t s  may a l s o  o c c u r .  
3 ,  RESULTS 
3 . 1  S i n g l e  Engine A e r o s h e l l  - Models 
3 . 1 . 1  Forebody Axia l  Force C o e f f i c i e n t  
Without R e t r o t h r u s t  
The v a r i a t i o n  of t h e  forebody a x i a l  f o r c e  c o e f f i c i e n t  w i t h  Mach 
number f o r  t h e  f o r t y - f i v e  d e g r e e  and s i x t y  degree  a e r o s h e l l  models w i t h o u t  
r e t r o t h r u s t  ( C  = 0) was compared w i t h  exper imenta l  d a t a  from p r e v i o u s  wind T \ 6-5 9 
t u n n e l  t e s t s  performed by NASA and J Z L  and was i n  ve ry  c l o s e  agreement 
o v e r  t h e  complete  range of Nach Numbers i n v e s t i g a t e d  (F igure  Ll), The use  of 
a  c o r n e r  t o  b a s e  r a d i u s  r a t i o  of r / r  = 0.06 i n  r h e  p r e s e n t  t e s t  caused a  
c m 
r e d u c t i o n  i n  t h e  a x i a l  f o r c e  c o e f f i c i e n t  of abou t  f i v e  (5) p e r c e n t  below t h e  
s h a r p  cornered  cone d a t a .  A s i m i l a r  e f f e c t  was observed previously1' a t  
M, = 3 .0  ( F i g u r e  121, 
3 .1 .2  Shadowgraphs of Re t ro rocke t -  
F rees t ream I n t e r a c t i o n  
A s e r i e s  of shadowgraphs o f  t h e  f low f i e l d  about  t h e  s i n g l e  
0 
n o z z l e  60 a e r o s h e l l ,  a s  t h e  t h r u s t i n g  c o e f f i c i e n t  i s  i n c r e a s e d ,  i s  shown i n  
F i g u r e s  1 3  through 1 5 .  Th is  s e r i e s  shows t h e  t y p i c a l  behav ior  t h a t  i s  
observed f o r  s u p e r s o n i c  f r e e  s t r e a m  Mach numbers. A t  low t h r u s t i n g  c o e f f i c i e n t s ,  
t h e  j e t  p e n e t r a t e s  i n t o  t h e  oncoming f low,  t h e  f low is  unsteady and t h e  bow 
shock i s  f a r  ups t ream from t h e  model ( F i g u r e  1 3 ) .  L ine  drawings a r e  shown i n  
F i g u r e s  1 3  through 15 t o  a i d  i n  i n t e r p r e t a t i o n  o f  t h e  p h o t o s .  For t h i s  c a s e ,  
t h e  t o t a l  head o f  e x h a u s t  f low decays by mixing.  The f low f i e l d  c o l l a p s e s  when 
t h e  t h r u s t i n g  c o e f f i c i e n t  i s  i n c r e a s e d  f u r t h e r  (F igure  14)  and a  s t e a d y  b l u n t  
f low i n t e r a c t i o n  forms c l o s e r  t o  t h e  a e r o s h e l l .  The g e o m e t r i c a l  f e a t u r e s  of 
t h e  f low f i e l d  such as t h e  t e - m i n a 1  s h o c k ,  jet  boundary,  i n t e r f a c e  and bow 
shock wave a r e  d i s c e r n i b l e .  The f e a t u r e s  i n  t h e  f low f i e l d  grow i n  s i z e  a s  
t h e  t h r u s t i n g  c o e f f i c i e n t  i s  i n c r e a s e d  s t i l l  f u r t h u r  b u t  t h e  geometry s t a y s  
n e a r l y  s i m i l a r  ( F i g u r e  15 ) ,  I n  F i g u r e s  1 4  and 1 5 ,  t h e  t o t a l  head of t h e  
exhausr  f low decays  by p a s s i n g  through t h e  t e r m i n a l  shock wave, The a e r o -  
s h e l l  s u r f a c e  p r e s s u r e  d a t a  c o r r e s p o n d i n g  t o  t h e  c o n d i t i o n s  i l l u s t r a t e d  i n  
F i g u r e  1 4  i n d i c a t e s  t h a t  f low r e a t t a c h m e n t  t o  t h e  forward s u r f a c e  of t h e  
a e r o s h e l l  i s  o c c u r r i n g .  At M = 1 . 5  and C = 6.0  ( F i g u r e  1 5 ) ,  t h e  p r e s s u r e  T  
d a t a  i n d i c a t e s  t h a t  t h e  a e r o s h e l l  i s  immersed i n  a  c o n s t a n t  p r e s s u r e  r e g i o n  
which i s  t y p i c a l  of a  wake t y p e  f low r e g i o n .  
I n  b o t h  F i g u r e  1 4  and 1 5 ,  t h e  r e t r o j e t  i s s u e s  i n t o  a r e g i o n  of 
s e p a r a t e d  f low and expands l a t e r a l l y  t o  a  maximum d i a m e t e r  determined b y  t h e  
r a t i o  of t h e  j e t  e x i t  p r e s s u r e  t o  s e p a r a t e d  (dead a i r )  f low p r e s s u r e ,  The 
upst ream e x t e n t  of t h e  r e t r o j e t  is bounded by a  t e r m i n a l  o r  j e t  shock which 
a d j u s t s  i t s  p i t o t  p r e s s u r e  t o  b a l a n c e  t h a t  of t h e  f r e e  stream. The f r e e  
s t a g n a t i o n  p o i n t  a t  which t h e  p i t o t  p r e s s u r e s  a r e  a c t u a l l y  ba lanced  i s  some- 
what ups t ream of t h e  t e r m i n a l  shock ,  and d e f i n e s  t h e  apex of t h e  i n t e r f a c e  
between t h e  jet and a tmospher ic  g a s e s .  The l o c a t i o n  of t h e  je t  boundary i s  
dependent  on t h e  r a t i o  of t h e  jet  e x i t  p r e s s u r e  P t o  t h e  dead a i r  p r e s s u r e  
e 
Pd. An i n t e r f a c e  s e p a r a t e s  t h e  f r e e  s t r e a m  gas  from t h e  jet g a s e s .  The f r e e  
s t r e a m  g a s  which p a s s e s  through t h e  bow shock wave t u r n s  and f lows  outward 
between t h e  bow shock  wave and i n t e r f a c e  w h i l e  t h e  j e t  f low which p a s s e s  
through t h e  j e t  t e r m i n a l  shock f lows outward between t h e  jet  t e r m i n a l  shock  
and i n t e r f a c e .  Mixing between t h e  f r e e  s t r e a m  g a s e s  and t h e  j e t  gases  may 
occur  a long  t h e  i n t e r f a c e  i f  p r o p e r t i e s  such  a s  t h e  v e l o c i t y  and d e n s i t y  of 
t h e  two f l b i d s  a r e  d i f f e r e n t .  Mixing may occur  i n  t h e  r e g i o n  which s e p a r a t e s  
t h e  f r e e  s t r e a m - j e t  l a y e r  from t h e  dead a i r  r e g i o n  ( r e c i r c u l a t i o n  r e g i o n )  a s  
w e l l  a s  a l o n g  t h e  j e t  boundary.  
A t  s u b s o n i c  speeds  and f o r  a l l  t h r u s t i n g  c o e f f i c i e n t s  t e s t e d ,  t h e  
s i n g l e  eng ine  e x h a u s t  f low p e a e t r a t e s  fa r  upst ream i n t o  t h e  oncoming f l o w  and 
t h e  f low is u n s t e a d y ,  The f low f i e l d  i s  much l i k e  t h a t  shown i n  F i g u r e  1 3 ,  wi th-  
o u t  t h e  bow shock wave, The t o t a l  head of t h e  jet decays  through a mixing 
p r o c e s s  and t h e  p e n e t r a t i o n  of t h e  jet c e a s e s  when t h e  j e t  and t h e  f r e e  s t r e a m  
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BOW SHOCK REFLECTION 
FROM TUNNEL WALLS 
0 
F i g u r e  1 5  Single Nozzle 60 A e r o s h e l l  F l o w  F i e l d  - 
M " 1 . 5 ,  C = 6 . 0 ,  A i r N o z z l e .  
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3.1 .3  Bow Shock Locat ion  
Shadowgraphs such a s  those  shown i n  Figures  i3 through i5 were 
analyzed t o  determine t h e  l o c a t i o n  of t h e  bow shock wave a s  a  func t ion  of 
t h r u s t i n g  c o e f f i c i e n t .  The bow shock l o c a t i o n  f o r  s i n g l e  engine a e r o s h e l l s  i s  shown 
i n  F igure  16 f o r  Ma = 2.0 and the  nozzle  s imu la t ing  t h e  Mars l ande r .  Data i s  
shown f o r  bo th  t h e  45' and 60' s i n g l e  engine a e r o s h e l l s .  The t r a n s i t i o n  from 
j e t  p e n e t r a t i o n  t o  b l u n t  flow regimes occurs  sha rp ly  a t  a  t h r u s t i n g  c o e f f i c i e n t  
near  u n i t y  ( 1 ) .  The bow shock l o c a t i o n  is  independent of a e r o s h e l l  shape.  
A t  t h r u s t i n g  c o e f f i c i e n t s  below one, t h e  j e t  shock may be a s  many a s  s i x  body 
diameters  forward of t h e  model. The flow f i e l d  is  of t h e  b l u n t  f low i n t e r -  
a c t i o n  type a t  t h r u s t i n g  c o e f f i c i e n t s  above one. I n  t h i s  reg ion ,  t he  s c a l e  
of t h e  j e t - f r e e  s t ream i n t e r a c t i o n  i n c r e a s e s  w i th  i n c r e a s e s  i n  t h r u s t i n g  
c o e f f i c i e n t  b u t  t h e  geometric f e a t u r e s  of t h e  i n t e r a c t i o n  remain i n v a r i a n t .  
A t  lower supersonic  Mach numbers, the  t r a n s i t i o n  from j e t  p e n e t r a t i o n  
t o  b l u n t  flow i n t e r a c t i o n  occurs  a t  a  h ighe r  t h r u s t i n g  c o e f f i c i e n t  (Figure 1 7 ) .  
3.1.4 T r a n s i t i o n  from J e t  P e n e t r a t i o n  t o  
Blunt Flow I n t e r a c t i o n  
T r a n s i t i o n  from j e t  p e n e t r a t i o n  t o  b l u n t  flow was found t o  occur 
a t  t h e  same nozz le  e x i t  t o  f r e e  s t ream p res su re  r a t i o  independent of eng ine  
s c a l i n g  parameter (Figure 1 8 ) .  Data f o r  . three a i r  nozzle  s i z e s  and two super-  
s o n i c  f r e e  s t ream Mach numbers a r e  shown. It should b e  noted t h a t ,  s i n e e  
t r a n s i t i o n  occurs  a t  t h e  same p re s su re  r a t i o ,  a  change i n  engine s i z e  w i l l  
cause t r a n s i t i o n  t o  occur a t  a  d i f f e r e n t  t h r u s t i n g  c o e f f i c i e n t .  T r a n s i t i o n  
occurs  a t  lower t h r u s t i n g  c o e f f i c i e n t s  f o r  sma l l e r  nozzles  and a t  l a r g e r  
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Figure  18 P r e s s u r e  Ratio for  Transit ion Prom Je t  Penetration to Blunt Flow. 
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3 , 1 , 5  Flow F i e l d  Geometry 
The shadowgraph p i c t u r e s  of t h e  f low f i e l d  i n  t h e  b l u n t  f low 
regime were  ana lyzed  f o r  t h e  l o c a t i o n s  of t h e  bow shock ,  i n t e r f a c e  and 
t e r m i n a l  shock wave, Flow f i e l d  geometry f o r  a i r  n o z z l e  2 ,  which s i m u l a t e s  
t h e  r e p r e s e n t a t i v e  Mars l a n d e r  v e h i c l e ,  is  shown i n  F i g u r e s  19 and 20 f o r  
f r e e  s t r e a m  Mach numbers of Moo = 1 . 5  and Moo = 2.0 r e s p e c t i v e l y .  The i n t e r -  
a c t i o n  geometry i s  independen t  of a e r o s h e l l  a n g l e  ( F i g u r e  20) .  Data f o r  a i r  
n o z z l e  1 a t  Moo = 2 - 0  i s  shown i n  F i g u r e  21. A comparison of t h i s  d a t a  w i t h  
t h a t  f o r  a i r  n o z z l e  2 ( F i g u r e  20) i n d i c a t e s  t h a t  t h e  d i s t a n c e s  t o  t h e  f l o w  
f i e l d  f e a t u r e s  a r e  less f o r  t h e  smaller n o z z l e  as was expec ted .  The e x p e r i -  
m e n t a l  d a t a  i n d i c a t e s  t h a t  t h e  d i s t a n c e  t o  t h e  t e r m i n a l  shock wave v a r i e s  
a s  (cT)' i n  agreement w i t h  t h e  t h e o r e t i c a l  p r e d i c t i o n s  of Refe rence  I.. 
(See e q u a t i o n  4 2 ,  page 3 9 ) .  
3 .1 .6  A e r o s h e l l  S u r f a c e  P r e s s u r e  D i s t r i b u t i o n s  
The change i n  s u r f a c e  p r e s s u r e  d i s t r i b u t i o n  on t h e  fo rebody  of t h e  
s i x t y  .degree  s i n g l e  e n g i n e  a e r o s h e l l  as t h e  r e t r o r o c k e t  t h r u s t i n g  c o e f f i c i e n t  
i s  i n c r e a s e d  i s  n o t e d  i n  F i g u r e s  22 th rough  25. R e t r o t h r u s t  c o e f f i c i e n t s  of 
CT = 0 ,  3 .8 ,  and 1 2 . 7  a r e  c o n s i d e r e d  a t  Moo = 0.60 i n  F i g u r e  22. Data a t  
Moo = 0.60 and t h r u s t i n g  c o e f f i c i e n t s  of C = 1 . 9 6 ,  5.59 and 9.02 i s  shown i n  T 
F i g u r e  23. The p r e s s u r e  a c t i n g  on t h e  a e r o s h e l l  forebody d e c r e a s e s  w i t h  i n -  
c r e a s i n g  t h r u s t i n g  c o e f f i c i e n t s .  P r e s s u r e  d i s t r i b u t i o n s  a t  Ma = 2 .0  are shown 
i n  F i g u r e s  24 and 25,  T h i s  d a t a  i n d i c a t e s  t h a t  a t  h i g h  t h r u s t i n g  c o e f f i c i e n t s ,  
CT = 4.04 ( F i g u r e  25) and CT = 7 .0  ( F i g u r e  2 4 ) ,  t h e  p r e s s u r e  a c t i n g  on t h e  
o u t e r  p o r t i o n  of t h e  forebody s u r f a c e  i s  c o n s t a n t .  Base p r e s s u r e  measurements,  
f o r  t h e s e  c a s e s ,  show t h a t  t h e  b a s e  p r e s s u r e  is  a l s o  e q u a l  t o  t h e  p r e s s u r e  
a c t i n g  on t H e  fo rebody  s u r f a c e .  We conc lude  from t h e s e  f a c t s  t h a t  t h e  a e r o -  
s h e l l  i s  i m e r s e d  i n  a  c o n s t a n t  p r e s s u r e  r e g i o n  and wake t y p e  f low e x i s t s .  
The i n c r e a s e  i n  s u r f a c e  p r e s s u r e  neaQ t h e  a e r o s h e l l  s h o u l d e r ,  CT = 2 .0  
(F%gure  2 4 ) 9  is  i n t e r p r e t e d  a s  i n d i c a t i n g  t h a t  r e a t t a c h m e n t  of t h e  i n t e r f a c e  








3.1.7 Forebody and Base P r e s s u r e  V a r i a t i o n s  
w i t h  T h r u s t i n g  C o e f f i c i e n t  
The average  a e r o s h e l l  f r o n t a l  s u r f a c e  and b a s e  p r e s s u r e s  a r e  
p l o t t e d  as a f u n c t i o n  of t h r u s t i n g  c o e f f i c i e n t  i n  F i g u r e s  26 through 29. 
Data  f o r  45' and 60' a e r o s h e l l  v e h i c l e s  are superimposed and i n d i c a t e s  l i t t l e  
e f f e c t  of a e r o s h e l l  a n g l e  on t h e  r e s u l t i n g  p r e s s u r e s .  At Ma = 0.60 ( F i g u r e  26) 
and Mm = 1 .05  ( F i g u r e  2 7 ) ,  t h e  average  f r o n t a l  p r e s s u r e  remains  h i g h e r  t h a n  
t h e  b a s e  p r e s s u r e ,  f o r  t h r u s k i n g  c o e f f i c i e n t s  c o n s i d e r e d  i n  t h e  p r e s e n t  
exper iment .  A t  s u p e r s o n i c  speeds  of M o o =  1 . 5  ( F i g u r e  28) and Moo= 2.0 
( F i g u r e  2 9 ) ,  t h e  a v e r a g e  f r o n t a l  p r e s s u r e  d e c r e a s e s  w i t h  i n c r e a s e s  i n  t h r u s t i n g  
c o e f f i c i e n t  and becomes e q u a l  t o  t h e  b a s e  p r e s s u r e  a t  t h e  l a r g e r  t h r u s t i n g  
c o e f f i c i e n t s  . 
3 , 1 . 8  T r a n s i t i o n  from Flow Reat tachment  
t o  Wake Tvoe Flow 
T r a n s i t i o n  from s h e a r  l a y e r  r e a t t a c h m e n t  t y p e  f l o w  t o  wake t y p e  
f low is  assumed t o  occur  a t  s u p e r s o n i c  s p e e d s  when t h e  average  f r o n t a l  s u r f a c e  
p r e s s u r e  becomes e q u a l  t o  t h e  b a s e  p r e s s u r e .  The t h r u s t i n g  c o e f f i c i e n t  
magni tude f o r  t r a n s i t i o n  from f low r e a t t a c h m e n t  t o  wake t y p e  f low i s  n o t e d  i n  
F i g u r e  30 f o r  f r e e  s t r e a m  Mach numbers of Ma = 1 , 5  and 2 .0 .  
3 - 1 . 9  U n i v e r s a l  Base P r e s s u r e  C o r r e l a t i o n  
The u n i v e r s a l  b a s e  p r e s s u r e  c o r r e l a t i o n  shown i n  F i g u r e  31 i s  
based  on t h e  e x p e r i m e n t a l  d a t a  recorded  f o r  a l l  s i n g l e  e n g i n e  a e r o s h e l l  models 
u t i l i z i n g  a i r  exhaus t  f low and prov2des r e s u l t s  w i t h i n  10% of any of t h e  
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Figure 31 Average Base P r e s s u r e  Correlation, Single N ~ z z E e  
Aeroshell  Models with Retorthrust.  
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3.1.10 Forebody A x i a l  Force  C o e f f i c i e n t  w i t h  R e t r o t h r u s k  
The a p p l i c a t i o n  of r e t r o t h r u s t  from a  s i n g l e  c e n t r a l l y  mounted 
e n g i n e  w a s  shown t o  c a u s e  t h e  p r e s s u r e  on t h e  forebody s u r f a c e  t o  d e c r e a s e  
s u b s t a n t i a l l y  below t h e  no r e t r o t h r u s t  c a s e ,  ( F i g u r e s  22 th rough  25) .  The 
cor responding  d e c r e a s e s  i n  forebody a x i a l  f o r c e  c o e f f i c i e n t  w i t h  i n c r e a s e s  
i n  r e t r o t h r u s t  c o e f f i c i e n t  a r e  shown i n  F i g u r e s  32 through 3 6 .  A p p l i c a t i o n  
of r e t r o t h r u s t  r e s u l t s  i n  a  s h a r p  d e c r e a s e  i n  forebody a x i a l  f o r c e  c o e f f i c i e n t  
0 
a t  a l l  Mach numbers ( F i g u r e  3 2 ) .  The a x i a l  f o r c e  c o e f f i c i e n t s  f o r  t h e  60 
s i n g l e  a e r o s h e l l ,  u t i l i z i n g  a i r  n o z z l e  2 which s i m u l a t e s  t h e  r e p r e s e n t a t i v e  
Mars l a n d e r  v e h i c l e  are shown i n  F i g u r e s  32 and 33 .  For  t h r u s t i n g  c o e f f i c i e n t s  
above two, t h e r e  is  l i t t l e  d i f f e r e n c e  between t h e  t o t a l  a x i a l  f o r c e  c o e f f i c i e n t  
( i . e .  sum of forebody a x i a l  f o r c e  c o e f f i c i e n t  and t h r u s t i n g  c o e f f i c i e n t )  and 
t h e  t h r u s t i n g  c o e f f i c i e n t  of t h e  r e t r o r o c k e t  a l o n e .  The forebody a x i a l  f o r c e  
c o e f f i c i e n t s  were  o b t a i n e d  by i n t e g r a t i n g  t h e  p r e s s u r e  d a t a  over  t h e  s u r f a c e  
of t h e  a e r a s h e l l  and assume t h a t  t h e  b a s e  p r e s s u r e  a c t i n g  on t h e  a e r o s h e l l  i s  
t h e  f r e e  stream s t a t i c  p r e s s u r e .  No c o r r e c t i o n  was made t o  t h e  d a t a  t o  account  
f o r  t h e  a c t u a l ,  e x p e r i m e n t a l l y  measured b a s e  p r e s s u r e s .  
0 Forebody a x i a l  f o r c e  c o e f f i c i e n t s  f o r  60 s i n g l e  e n g i n e  a e r o s h e l l s  
u t i l i z i n g  a i r  n o z z l e  1 and a i r  n o z z l e  3 a r e  shown i n  F i g u r e s  34 and 35 
0 i - e s p e ~ t i v e l ~ y .  Data f o r  t h e  45 s i n g l e  e n g i n e  a e r o s h e l l  u s i n g  a i r  n o z z l e  2 i s  
no ted  i n  F i g u r e  36.  
The v a r i a t i o n  of p i t c h i n g  moment and normal f o r c e  c o e f f i c i e n t s  
0 0 
w i t h  ang le -of -a t t ack  f o r  t h e  45 and 60 s i n g l e  e n g i n e  a e r o s h e l l s  i s  l i n e a r  
t o  s i x  degrees  a n g l e - o f - a t t a c k  f o r  a l l  Mach numbers t e s t e d ,  w i t h  and w i t h o u t  
r e t r o t h u r s .  The magnitude of t h e  p i t c h i n g  moment and normal f o r c e  s l o p e s  
a g r e e  q u i t e  w e l l  w i t h  o t h e r  NASA and J P L  exper iments  f o r  t h e  c a s e  of no 
r e t r o t h r u s t  ( C  = O ) ,  The change of p i t c h i n g  moment s l o p e ,  normal f o r c e  s l o p e  T  
and aerodyaamic c e n t e r  l o c a t i o n  w i t h  a p p l i c a t i o n  of r e t r o t h r u s t  i s  shown i n  
F i g u r e s  37 through 39 f o r  t h e  60' a e r o s h e l l  and F i g u r e s  40 through 42 f o r  t h e  
45' a e r o s h e l l .  The p i t c h i n g  moment c o e f f i c i e n t  i s  r e f e r r e d  t o  t h e  v i r r a a l  
nose  of t h e  a e r o s h e l l .  The p i t c h i n g  moment s l o p e  i n c r e a s e s  s u b s t a n t i a l l y  
a s  t h e  t h r u s t i n g  c o e f f i c i e n t  i s  i n c r e a s e d  t o  u n i t y  ( F i g u r e  3 7 ) .  The p i t c h i n g  
moment s l o p e  d e c r e a s e s  from t h i s  l e v e l  w i t h  f u r t h e r  i n c r e a s e s  i n  t h r u s t i n g  
c o e f f i c i e n t .  The p i t c h i n g  moment s l o p e  w i t h  r e t r o t h r u s t  is  g r e a t e r  t h a n  t h e  
no r e t r o t h r u s t  c a s e  a t  a l l  Mach numbers f o r  t h r u s t i n g  c o e f f i c i e n t s  up t o  
CT = 2.5 .  The normal  f o r c e  s l o p e  shows t h e  same v a r i a t i o n  w i t h  t h r u s t i n g  
c o e f f i c i e n t  a s  t h e  p i t c h i n g  moment s l o p e  ( F i g u r e  38). The aerodynamic c e n t e r  
l o c a t i o n  remains  e s s e n t i a l l y  unchanged ( F i g u r e  39) w i t h  a p p l i c a t i o n  of r e t r o -  
t h r u s t .  The aerodynamic c e n t e r  is about  one h a l f  a b a s e  d i a m e t e r  beh ind  t h e  
b a s e  of t h e  60' a e r o s h e l l  ( F i g u r e  3 9 ) .  The v a r i a t i o n  of p i t c h i n g  moment 
s l o p e ,  normal f o r c e  s l o p e  and aerodynamic c e n t e r  l o c a t i o n  w i t h  r e t r o t h r u s t  
f o r  t h e  45' a e r o s h e l l  ( F i g u r e s  40, 41, and 42 r e s p e c t i v e l y )  i s  q u i t e  similar 
0 
t o  t h a t  observed f o r  t h e  60 s i n g l e  e n g i n e  a e r o s h e l l .  However, t h e  a e r o -  
dynamic c e n t e r  of t h i s  c o n f i g u r a t i o n  is  l o c a t e d  n e a r e r  t o  t h e  v e h i c l e  b a s e  
( F i g u r e  42) .  
3 .1 .12 Aerodynamic C h a r a c t e r i s t i c s  w i t h  
Helium Exhaust  Flow 
A  p o r t i o n  of t h e  e x p e r i m e n t a l  t e s t i n g  was performed w i t h  he l ium 
r e t r o r o c k e t  exhaus t  f l o w .  A p r e v i o u s  t h e o r e t i c a l  a n a l y s i s 1  i n d i c a t e d  t h a t  t h e  
speed of sound r a t i o  a c r o s s  t h e  i n t e r f a c e ,  which s e p a r a t e s  t h e  shocked f r e e  
stream g a s e s  from t h e  r e t r o r o c k e t  exhaus t  g a s e s ,  h a s  an  impor tan t  e f f e c t  on 
n i x i n g  i n  t h e  i n t e r f a c e  s h e a r  l a y e r .  (See F i g u r e  1 5 ) .  I n  t h e  c a s e  of t h e  
r e p r e s e n t a t i v e  Mars l a n d e r  v e h i c l e ,  t h e  speed o f  sound r a t i o  a r i s e s  from 
t h e  s u b s t a n t i a l  d i f f e r e n c e  i n  t empera tu re  between t h e  shocked f r e e  s t r e a m  
and exhaust. g a s e s  and d i f f e r e n c e s  i n  s p e c i f i c  h e a t  r a t i o  and gas  c o n s t a n t  
of t h e  two s t reams .  The exhaus t  g a s e s  a r e  abou t  n i n e  t i m e s  h o t t e r  t h a n  
t h e  f r e e  s t r e a m  g a s e s .  The hel ium exhaus t  f low was used t o  t e s t  e x p e r i -  
m e n t a l l y  tfie e f f e c t  of changing t h e  speed of sound r a t i o  on t h e  mixing and 
i t s  s u b s e q ~ t e n t  e f f e c t  on t h e  a e r o s h e l l  aerodynamic c h a r a c t e r i s t i c s .  
T e s t s  were performed a t  hel ium t h r u s t i n g  c o e f f i c i e n t s  up t o  
about  C = 1 1 - 0  a t  s u b s o n i c  ( M o o =  0 - 8 0 )  and t r a n s o n i c  (Mm = 1 .05)  s p e e d s  and T  
up t o  about  C = 4,0  a t  s u p e r s o n i c  s p e e d s ,  The Loca t ion  of t h e  bow shock T  
o  
wave a t  s u p e r s o n i c  f r e e  s t r e a m  v e l o c i t i e s ,  f o r  s h e  s i n g l e  e n g i n e  6 0  aero-  
s h e l l  w i t h  t h e  hel ium n o z z l e , i s  shown i n  F igure  4 3 ,  The c h a r a c t e r i s t i c s  of 
t h e  hel ium n o z z l e  a r e  no ted  I n  Table  1 and were chosen t o  s i m u l a t e  t h e  
r e p r e s e n t a t i v e  Mars l a n d e r  v ~ t i i c l e ,  The hel ium j e t  p e n e t r a t e d  f u r t h e r  
forward i n t o  t h e  oncoming a i r  free. s t r e a m  FLOW t h a n  t h e  a i r  j e t  from a i r  
n o z z l e  2 ,  when b o t h  n o z z l e s  o p e r a t e d  a t  t h e  s a m e  t h r u s t i n g  c o e f f i c i e n t .  The 
bow shock wave Loca t ion  f o r  t h e  hel ium j e t  could  n o t  be  photographed above 
t h r u s t i n g  c o e f f i c i e n t s  of C - 0 . 6  because  i t  passed  from t h e  f i e l d  of view T  
of t h e  shadowgraph sys tem,  The ae roshe l l -wind  r u n n e l  window geometry was such  
t h a t  t h e  window edge was about s i x  r ~ n d  ope ha l f  b a s e  d i a m e t e r s  upst ream from 
t h e  a e r o s h e l l  n o z z l e  e x i t  p l a n e ,  Shad,owgraph p i c t u r e s  were taken of t h e  
exhaus t  plume i n  f i e l d  of view of shadowgraph a t  t h r u s t i n g  c o e f f i c i e n t s  up 
t o  C = 4.0 a t  Moo = 2 , 0 ,  The flow p a t t e r n  observed was a.lways t h a t  of long T  
je t  p e n e t r a t i o n ,  T e s t s  were  n o t  performed at h i g h e r  t h r u s t i n g  c o e f f i c i e n t s  
i n  o r d e r  t o  minimize t h e  amount of he l ium consumed and t h e r e f o r e ,  i t  i s  n o t  
p o s s i b l e  t o  say  whe ther  t r a n s i t i o n  t o  a b l u n t  f low i n t e r a c t i o n  would have 
o c c u r r e d ,  a s  w i t h  a i r  exhaus t  f low,  when t h e  n o z z l e  t o  f r e e  s t r e a m  p r e s s u r e  
The p r e s s u r e  d i s t r i b u t i o n s  w i t h  r e t r o t h r u s t  and hel ium e x h a u s t  
f l o w  a r e  shown i n  F i g u r e  4 1  f o r  M o o =  0 Y 6 0  and CT = 1.68, 6 . 7 6  and 13.91.  
P r e s s u r e  d i S t r i b u t i o n s  f o r  Moo1  2 - 0  and t h r u s t i n g  c o e f f i c i e n t s  up t o  3.6 a r e  
shown i n  F i g u r e  45. 
The e f f e c t  of r e t p o t h r u s t  on t h e  forebody a x i a l  f o r c e  c o e f f i c i e n t  
f o r  hel ium exhaus t  f low i s  n o t e d  i n  F i g u r e  4 6 ,  A comparison of t h e  he l ium d a t a  
w i t h  a i r  n o z z l e  2 d a t a  ( F i g u r e s  32  and 33) i n d i c a t e s  t h a t  t h e  forebody a x i a l  
f o r c e  c o e f f i c i e n t s  w i t h  he l ium f low a r e  s i g n i f i c a n t l y  d i f f e r e n t  t h a n  t h o s e  








































































































































































































































3 . E , l 3  Flow F i e l d  
A shadowgraph of t h e  f low f i e l d  about  a  60O s i n g l e  eng ine  
a e r o s h e l l  a t  minus l 6 , 7  d e g r e e s  a n g l e  of a t t a c k  and Na, = 2;0 is  shown i n  
F i g u r e  4 7 .  
3 . 2  Three  Engine Aeroshehl  Data  
3 , 2 . 1  Shadowgraphs of R e t r o r o c k e t  - 
F r e e  Streams I n t e r a c t i o n s  
A shadowgraph of t h e  f low f i e l d  about  t h e  t h r e e  eng ine  60' a e r o -  
s h e l l  a t  Ma = 0.60 and a t h r u s t i n g  c o e f f i c i e n t  of 3 .9  i s  shown i n  F i g u r e  48. 
The model h a s  been r o l l e d  ora t h e  s t i n g  (4 = 30') s o  t h a t  t h e  f low from each 
e n g i n e  i s  v i s i b l e ,  A t  a 1 1  s u b s o n i c  Nach nunibers, t h e  j e t  f low p e n e t r a t e s  f a r  
upst ream from t h e  model and t h e  t o t a l  head of a j e t  decays  through mixing.  
A shadowgraph of t h e  f l o w  f i e l d  a t  PIw = 2.0  and a  t h r u s t i n g  c o e f f i c i e n t  of 
1 .02  i s  shown i n  F i g u r e  49.  I n  t h i s  c a s e ,  each of t h e  e n g i n e  e x h a u s t s  is  
b e n t  outward by t h e  oncoming f r e e  s t r e a m  f low and t h e  t o t a l  head of t h e  j e t  
s t i l l  decays  through mixing.  The p r e s s u r e  d i s t r i b u t i o n  on t h e  f a c e  of t h e  
0 t h r e e  e n g i n e  60 a e r o s h e l l ,  f o r  t h e s e  c o n d i t i o n s ,  shows t h a t  t h e  a e r o s h e l l  
s u r f a c e ,  i n b o a r d  of t h e  e n g i n e s ,  is  covered w i t h  a  r e g i o n  of n e a r l y  uniform 
h i g h  p r e s s u r e  a i r  w i t h  t h e  p r e s s u r e  a t  t h e  c e n t e r  of t h e  a e r o s h e l l  b e i n g  
e q u a l  t o  t h e  f r e e  stream p i t o t  p r e s s u r e .  The shock wave which i s  v i s i b l e  i n  
F i g u r e  49 ziear t h e  nose  of t h e  a e r o s h e l l ,  s u s t a i n s  t h e  h i g h  p r e s s u r e  l e v e l s .  
The p r e s s u t e  d i s t r i b u t i o n  d a t a  i s  d i s c u s s e d  more f u l l y  i n  S e c t i o n  3 .2 .5  
0 A shadowgraph of t h e  f low f i e l d  about  t h e  t h r e e  eng ine  60 ae ro-  
s h e l l  v e h i c l e  a t  Moo = 2,O and CT = 4.05 i s  shown i n  F i g u r e  SO. The c h a r a c t e r  
of t h e  f lorr  f i e l d  i s  changed when t h e  t h r u s t i n g  c o e f f i c i e n t  i s  i n c r e a s e d  t o  
CT = 4.05 { ~ i g u r e  50) .  Now t h e  t o t a l  head of t h e  r e t r o r o c k e t  exhaus t  f low 
decays  by p a s s i n g  through a  t e - m i n a l  shock wave i n s t e a d  of through a mixing 
p r o c e s s .  P e a t u r e s  such  as t h e  t e r m i n a l  shock wave and j e t  boundar ies  a r e  
r e a d i l y  v i s i b l e ,  The i n d i v i d u a l  j e t s  i n t e r a c t  d i r e c t l y  w i t h  each o t h e r .  The 
e x h a u s t - f r e e  s t r e a m  i n t e r a c t i a n  a p p e s r s  t o  have l o c a l  i n s t a b f l i t i e s  which 
a f f e c t  t h e  bow shock wave s l o p e ,  
0 
F i g u r e  47  Shadowgraph  of Flow F ie ld  at Angle of A t t a c k  -60 S ing le  Engine 




0 Figure 50 Flow Field of Three Engine, 60 Aeroshell  - Equal Engine Thrus ts  
M = 2.0; C 
co TTOTAS, = 4 .05 ;  4 = 0'. 
3.2,2 Bow and Termina l  Shock L o c a t i o n s  
Shadowgraphs such as t h a t  shown i n  F i g u r e  49 were  s c a l e d  t o  
d e t e r m i n e  t h e  average  3.ocation of t h e  bow shock wave a l o n g  t h e  c e n t e r l i n e  
of t h e  f l o w  and t h e  l o c a t i o n  of t h e  t e r m i n a l  shock waves w i t h  r e s p e c t  t o  t h e  
0 
model b a s e .  The f l o w  f i e l d  geometry f o r  t h e  t h r e e  e n g i n e  60 a e r o s h e l l  w i t h  
a i r  e x h a u s t  f l o w  a t  Moo = 1 , 5  and Moo = 2.0 a r e  no ted  i n  F i g u r e s  5 1  and 5 2  
r e s p e c t i v e l y ,  
3.2 .3  Three Engine A e r o s h e l l  Forebody 
A x i a l  Force  C o e f f i c i e n t s  
The v a r i a t i o n s  of t h e  forebody a x i a l  f o r c e  c o e f f i c i e n t  w i t h  t h r u s t i n g  
0 
c o e f f i c i e n t  f o r  t h e  t h r e e  e n g i n e  60 a e r o s h e l l  i s  shown i n  F i g u r e s  53 th rough  55. 
The forebody a x i a l  f o r c e  c o e f f i c i e n t  d e c r e a s e s  s u b s t a n t i a l l y  w i t h  t h e  a p p l i c a t i o n  
of r e t r o t h r u s t  a t  s u b s o n i c  Mach numbers ( F i g u r e s  53 and 5 4 ) .  A d i f f e r e n t  
b e h a v i o r  o c c u r s  a t  s u p e r s o n i c  speeds  ( F i g u r e  5 5 ) .  I n  t h i s  case , .  t h e  forebody 
a x i a l  f o r c e  c o e f f i c i e n t  remains  a t  i t s  no r e t r o t h r u s t  (C = 0) v a l u e  f o r  low T  
r e t r o t h r u s t  c o e f f i c i e n t s  and t h e n  d e c r e a s e s  s h a r p l y  w i t h  f u r t h e r  i n c r e a s e s  i n  
0 The forebody a x i a l  f o r c e  c o e f f i c i e n t  f o r  t h e  s i n g l e  eng ine  60 
a e r o s h e l l  a t  Moo = 0 - 6  i s  shown f o r  comparison i n  F i g u r e  54.  The d a t a  is  
p l o t t e d  under t h e  assumption t h a t  t h e  s i n g l e  and t h r e e  e n g i n e  c o n f i g u r a t i o n s  
o p e r a t e  a t  t h e  same t o t a l  t h r u s t i n g  c o e f f i c i e n t .  S u b s o n i c a l l y ,  t h e  t h r e e  je t  
fo rebody  a x i a l  f o r c e  c o e f f i c i e n t  d e c r e a s e s  more r a p i d l y  w i t h  r e t r o t h r u s t  t h a n  
the s i n g l e  e n g i n e  c a s e .  
0 The forebody a x i a l  f o r c e  c o e f f i c i e n t  f o r  t h e  t h r e e  e n g i n e  60 
a e r o s h e l l  a t  s u p e r s o n i c  f r e e  s t r e a m  c o n d i t i o n s ,  Moo = 2 . 0 ,  i s  shown i n  F i g u r e  55 
a l o n g  w i t h  t h a t  f o r  t h e  s i n g l e  eng ine  a e r o s h e l l .  A t  s u p e r s o n i c  s p e e d s ,  t h e  
forebody a x i a l  f o r c e  c o e f f i c i e a t  af  t h e  t h r e e  eng ine  a e r o s h e l l  c o n f i g u r a t i o n  
remains  s u b ~ k t a n t i a l l y  h i g h e r  tNan t h e  s i n g l e  e n g i n e  a e r o s h e l l  up t o  t h r u s t i n g  






The e f f e c t  of r e t r o t h r u s t  on t h e  aerodynamic c h a r a c t e r i s t i c s  of 
t h r e e  engine-aeroshe l l  con f igu ra t ions  is  more ev iden t  when t h e  t o t a l  a x i a l  
f o r c e  c o e f f i c i e n t  i s  cons idered .  The t o t a l  a x i a l  f o r c e  c o e f f i c i e n t  i s  de f ined  
a s  t h e  sum of t h e  forebody a x i a l  f o r c e  c o e f f i c i e n t  and the  t o t a l  t h r u s t i n g  
c o e f f i c i e n t .  (See d a t a  reduct ion-Sect ion 2 . 6 ) .  
The v a r i a t i o n  of t o t a l  a x i a l  f o r c e  c o e f f i c i e n t  wi th  t h r u s t i n g  
c o e f f i c i e n t  i s  i l l u s t r a t e d  i n  Figure 56 f o r  t he  t h r e e  engine,  s i x t y  degree 
a e r o s h e l l  a t  Moo = 2.0. The t o t a l  a x i a l  f o r c e  c o e f f i c i e n t  a c t i n g  on a  s i n g l e  
engine s i x t y  degree a e r o s h e l l  i s  shown f o r  comparison. The t o t a l  a x i a l  f o r c e  
c o e f f i c i e n t  f o r  t h e  t h r e e  engine a e r o s h e l l  i s  s u b s t a n t i a l l y  above t h e  no 
r e t r o t h r u s t  a x i a l  f o r c e  c o e f f i c i e n t  (CT = 0 )  and above the  s i n g l e  engine 
va lues  f o r  t h r u s t i n g  c o e f f i c i e n t s  up t o  two ( 2 ) .  A t  h igher  t h r u s t i n g  
c o e f f i c i e n t s ,  t h e  t o t a l  a x i a l  f o r c e  c o e f f i c i e n t s  f o r  both conf igu ra t ions  a r e  
nea r ly  equa l  t o  t h e  t h r u s t i n g  c o e f f i c i e n t s  a lone.  
A l l  p rev ious  experimental  i n v e s t i g a t i o n s ,  wi th  t h e  except ion  of 
Keyes and ~ e f n e r ' ,  observed r e s u l t s  cha rac t e r i zed  by t h e  s i n g l e  engine d a t a  
( i . e .  a s u b s t a n t i a l  decrease  i n  a x i a l  f o r c e  c o e f f i c i e n t  wi th  a p p l i c a t i o n  of 
low t h r u s t i n g  c o e f f i c i e n t s ,  - fol lowed by an i n c r e a s e  i n  t o t a l  f o r c e  c o e f f i c i e n t  
whose magnitude remained n e a r l y  equal  t o  t h e  t h r u s t i n g  c o e f f i c i e n t  a lone ) .  
Keyes and Hefner found i n  t h e i r  t e s t s ,  which were conducted a t  
Mm = 6 .0  wi th  t h r u s t i n g  c o e f f i c i e n t s  up t o  C = 1 . 2 ,  t h a t  t he  aerodynamic T  
drag  of b l u n t  con f igu ra t ions  can be increased  by us ing  forward f ac ing  jets 
loca t ed  near  t he  per iphery  of t he  body, 
The p r e s e n t  i n v e s t i g a t i o n  shows t h a t  t h e r e  is a  range of t h r u s t i n g  
c o e f f i c i e n t s  over whish the  t h r e e  engine conf igu ra t ion  with r e t r o r o c k e t s  
maunted near  t he  per iphery  o i  t he  a e r o s h e l l  p rovides  s u b s t a n t i a l l y  more 
d e c e l e r a t i o n  than  a  s i n g l e  c e n t r a l l y  mounted engine ope ra t ing  a t  the  same 
t o t a l  t h r u s t i n g  c o e f f i c i e n t .  The behavior  of t h e  t h r e e  engine a e r o s h e l l  w i th  
r e t r o t h r u s t  a t  d i f f e r e n t  f r e e  s t ream Mach numbers i s  shown i n  Figure 57 .  
F i g u r e  56 C o m p a r i s o n  of To ta l  Axia l  F o r c e  Coefficients  of Single  and 
















































































Data f o r  f r e e  s t r e a m  Mach xiumbers of = 0 - 6 ,  0  - 8 ,  1 .05 ,  1 . 5  and 2.0 a r e  
d i s p l a y e d .  T o t a l  f o r c e  a m p l i f i c a t i o n  is  p r e s e n t  f o r  f r e e  s t r e a m  Mach 
numbers from Moo = 2.0 t o  Moo = 0 .60 ,  though t h e  amount of a m p l i f i c a t i o n  
d e c r e a s e s  w i t h  d e c r e a s i n g  f r e e  stream Mach number. 
3 .2 .4  E f f e c t  of Angle-of-Attack on Forebody 
A x i a l  Force  C o e f f i c i e n t s  w i t h  R e t r o t h r u s t  
The v a r i a t i o n  of t h e  forebody a x i a l  f o r c e  c o e f f i c i e n t  w i t h  
ang le -of -a t t ack  i s  shown f o r  Mm = 0 . 6 ,  1 - 0 5  and 2.0 i n  F i g u r e s  58,  59,  and 60 
r e s p e c t i v e l y .  Angle-of-a t tack h a s  l i t t l e  e f f e c t  on t h e  fo rebody  a x i a l  f o r c e  
c o e f f i c i e n t  a t  a l l  Mach numbers and t h r u s t i n g  c o e f f i c i e n t s  t e s t e d ,  f o r  a n g l e s  
0 between minus s i x  and p l u s  s i x  d e g r e e s ,  -6' ( a- 2 4-6 . The d a t a  i n d i c a t e s  
t h a t  ang le -of -a t t ack  e f f e c t s  may become s i g n i f i c a n t  o u t s i d e  of t h i s  r ange .  
3 .2 .5  S u r f a c e  P r e s s u r e  D i s t r i b u t i o n s  
The v a r i a t i o n  and d i s t r i b u t i o n  of p r e s s u r e  o v e r  t h e  s u r f a c e  of 
t h e  t h r e e  eng ine  60' a e r o s h e l l  w i l l  now be c o n s i d e r e d .  S u r f a c e  p r e s s u r e  
p r o f i l e s  a long  r a d i a l  d i r e c t i o n s  w i l l  be  cons idered  f i r s t .  C i r c u m f e r e n t i a l  
p r e s s u r e  d i s t r i b u t i o n s  a t  c o n s t a n t  r a d i a l  d i s t a n c e  w i l l  b e  c o n s i d e r e d  n e x t .  
S u r f a c e  p r e s s u r e  p r o f i l e s  a t  4 = 0 ,  90° and 180' (4  d e f i n e d  i n  F i g u r e  6 )  
0 
a r e  d i s p l a y e d  i n  F i g u r e s  6 1  through 69. The r a d i a l  p r e s s u r e  c u t  a t  $ = 0 
0 0 i n t e r s e c t s  e n g i n e  1 w h i l e  r a d i c a l  c u t s  a t  4 = 90 and 180 p a s s  between 
e n g i n e s  1 and 2  and e n g i n e s  2 and 3 r e s p e c t i v e l y .  P r e s s u r e  d a t a  a t  Moo = 0.60 
i s  p r e s e n t e d  i n  F i g u r e s  6 1  through 65 f o r  t h r u s t i n g  c o e f f i c i e n t s  of C = 0 . 0 ,  T 
1 . 9 ,  3 . 8 ,  5 . 8 ,  and 13 .6 .  The b a s e  p r e s s u r e  c o e f f i c i e n t  C , f o r  each  
B 
t h r u s t i n g  c o e f f i c 2 e n t  i s  no ted  on t h e  o r d i n a t e ,  though t h e  d a t a  was a c t u a l l y  
memured a t  a  g iven  r a d i u s  r a t i o .  The p r e s s u r e  f o r c e s  a c t i n g  on t h e  ae ro-  
s h e l l  s u r f a c e ,  when r e t r o t h u r s t  i s  a p p l i e d  a t  s u b s o n i c  s p e e d s ,  i n c r e a s e  w i t h  
d i s t a n c e  from t h e  a e r o s h e l l  c e n t e r l i n e  (F igures  62 through 6 5 ) .  The b a s e  
p r e s s u r e  w i t h  r e t r o t h r u s t  i s  h i g h e r  t h a n  w i t h o u t .  The p r e s s u r e  a c t i n g  a t  t h e  
c e n t e r  of t h e  forward s u r f a c e  of t h e  a e r o s h e l l  and t h e  b a s e  p r e s s u r e  l e v e l  
a r e  about equal  f o r  t h r u s t i n g  c o e f f i c i e n t s  equal  t o  o r  g r e a t e r  than  C = 3 .8  T  
(F igures  63 through 65) .  The change i n  forebody s u r f a c e  p re s su re  w i th  r a d i a l  
d i s t a n c e  i n c r e a s e s  wi th  inc reas ing  t h r u s t i n g  c o e f f i c i e n t .  
Sur face  p re s su re  p r o f i l e s  a t  Moo = 2.0 and t h r u s t i n g  c o e f f i c i e n t s  
of CT = 1 . 0 ,  1 . 7 ,  4 . 1  and 7 . 1  a r e  shown i n  Figures  66 through 69 r e s p e c t i v e l y .  
0 The p re s su re  i n c r e a s e s  along the  4 = 0  c u t  i n  t h e  v i c i n i t y  of engine 1 f o r  
t h r u s t i n g  c o e f f i c i e n t s  from 1 . 0  t o  4 .1 .  The p re s su re  decreases  wi th  r a d i a l  
0 0 d i s t a n c e  along c u t s  (4 = 90 and 180 ) t h a t  pass  between the  engines f o r  
t h r u s t i n g  c o e f f i c i e n t s  from 1 . 0  t o  4.1.  
The s u r f a c e  p re s su re  p r o f i l e s ,  i n  each of t h e  r a d i a l  d i r e c t i o n s  
(4  = oO, 90' and 180°), have t h e  same shape f o r  C = 7 . 1  (Figure 69) and t h e  T 
s u r f a c e  p r e s s u r e  c o e f f i c i e n t s  a t  non-dimensional r a d i a l  d i s t a n c e s  g r e a t e r  
than  r/rm = .35 a r e  equal  t o  t h e  base  p re s su re  c o e f f i c i e n t s .  This i n d i c a t e s  
t h a t  t h e  a e r o s h e l l  body i s  immersed i n  a  cons tan t  p re s su re  reg ion .  The 
r eg ion  of increased  p re s su re  near t h e  c e n t e r  of t h e  a e r o s h e l l  forebody s u r f a c e  
is due t o  t he  r e c i r c u l a t i o n  reg ion  formed between t h e  i n t e r a c t i n g  exhaus t  
plumes. 
The c i r c u m f e r e n t i a l  p r e s s u r e  d i s t r i b u t i o n s  wi th  r e t r o t h r u s t ,  a t  
Moo = 0 .6  and Moo = 2.0 a r e  shown i n  F igures  70 through 73. A t  Mm = 0.6 ,  t h e  
c i r c u m f e r e n t i a l  p re s su re  d i s t r i b u t i o n s  a t  va r ious  r a d i a l  d i s t ances  ( r / r  = 0.154, 
m 
0,378,  0.625 and 0.875) a r e  about t h e  same (Figures  70 and 71) .  The i n f l u e n c e  
of t h e  engines on t h e  l o c a l  p re s su re  d i s t r i b u t i o n  is  q u i t e  ev ident  i n  F igu re  71. 
The p re s su re  d i s t r i b u t i o n s  a t  Mm = 2.0 and t h r u s t i n g  c o e f f i c i e n t s  
of CT = 1.0  and 1 .66  a r e  p l o t t e d  i n  Figures  72 and 73 r e spec t ive ly .  For 
CT = 1 .0 ,  t he  a e r o s h e l l  s u r f a c e ,  inboard of t he  engines is  covered w i t h  a  
r eg ion  of nea r ly  uniform, high p re s su re ,  The p re s su re  l e v e l  is  independent 
of azimuth ang le  f o r  r /rm = 0.154 and 0.378. A t  r /rm = 0.625, t he  p r e s s u r e  
i n c r e a s e s  i n  f r o n t  of each engine ,  Fu r the r  outboard a t  r /rm = 0.875, t h e  
pkessure i s  nea r ly  cons tan t  over a s u b s t a n t i a l  po r t ion  of t he  reg ion  between 
engines buk decreases  sharp ly  c l o s e  t o  t h e  engines .  A t  CT = 1.66 ,  t h e  
c i r c u m f e r e n t i a l  p re s su re  d i s t r i b u t i o n  i s  s i m i l a r  i n  many ways t o  what was 








































































































































Figlare 70 Circumferentizl  press^^^ 2 ~Irs t r iLut ion  - Three Engine 60 Aeroshell  - 
M = 0 ,  60, C = 13, 6. 
03 T 
0 Figure 7 1  Circumferential Pressure  DjstrEhuQkon - Three Engine 60 Aeroshell - 
M. 00 " 0, 60,  C -. 13.6.  T 
9 8 

0 Figure 7 3  Circumferent ia l  Pres n u  re Di str ihution - Three Engine 60 Aeroshell - 
M M = 2,0, c T " 1~66, 
100 
3 - 2 - 6  Aerodynainic Stability of Three Engine 
Aeroshell Models 
The pitch stability of the rhree engine 60' aeroshell at Ma = 0.60, 
1,05, and 2.0 is shorn in Figures 74 through 79. Pitching moment and normal 
force coefficients at loo = 0,6 and CT - 0-0, 1.95 and 3.75 are shown in 
Figures 74 and 75 respectively, Figures 76 and 77 depict the behavior at 
Ma = 1.05 and CT = 0.0, l,O and i , 9 .  The pitcl~irig moment and normal. force 
at Ma = 2*0 and CT = 0,0, 1-04 and 1'66 are plotted in Figures 78 and 79. 
The overientation of the three engine configuration as viewed from head on 
is noted in the upper right hand corner of Figure 74. The pitch plane was 
in a vertical plane passing through the uppermost engine. The angle-of- attack 
is positive, nose up, 
The pitching moment and normal force coefficient variation with 
angle-of-attack for the three engine aeroshell with retrothrust is not 
linear with angle-of-attack as was observed on the single engine aeroshell 
and the nonlinearity increases with increasing Mach numbers. The thrust 
coefficients noted in the figures ale the sum of the individual and equal 
nozzle thrust coefficients, At Mm = 0.60, the variation of pitching moment and 
normal force coefficient with angle-of-attack is different for plus and minus 
angles-of-attack (Figures 79 and 7 4 ) ,  In addition, the variation of pitching 
moment and normal force coefficient with angle-of-attack is different for 
different magnitudes of thrusting coefficient. 
At transonic free stream conditions, Moo = 1.05, substantial non- 
linearities appear, in the pitching moment and normal force coefficients 
variation 3ith angle-of-attack, at negative angles-of-attack (Figures 76 and 77). 
At supersofiic velocities, the nonlinearities at negative angles-of-attack 
become quite sever (Figures 78 and 79). At negative angles-of-attack, the 
pitching moment decreases nearly to zero for C = 1.04 and 1.06 at M o o =  2.0 T 
(Figure 78), The normal force coefficient shows the same nonlinear behavior 
(Figure 79). A region of pitch instability exists at negative angles-of-attack. 
The yawing moment and side f o r c e  c o e f f i c i e n t s  measured d u r i n g  
p i t c h  ang le -of - -a t t ack  runs are  di-splayed in F i g u r e s  80 and 8 i ,  The yawing 
moment and s i d e  f o r c e  c o e f f i c i e n t s  were s m a l l  and v a r i e d  l i t t l e  d u r i n g  a n  
ang le -of -a t t ack  sweep. 
A comparison of t h e  p i t ch ing  moment a c t i n g  on t h e  t h r e e  e n g i n e  
and s i n g l e  e n g i n e  a e r o s h e l l s  a t  2 - 0  and CT = 1 . 0  i s  made i n  F i g u r e  82 .  
The p i t c h i n g  moments a r e  s u b s t a n t i a l l y  d i f f e r e n t  a t  n e g a t i v e  a n g l e s - o f - a t t a c k .  
It shou ld  b e  n o t e d  t h a t  t h e  shape  of t h e  p i t c h i n g  moment c u r v e  depends on t h e  
r o l l - o r i e n t a t i o n  of t h e  p i t c h  p l a n e  w i t h  r e s p e c t  t o  t h e  e n g i n e s ,  
3 .2 .7  Shadowgraphs of t h e  Flow F i e l d  about  
M u l t i p l e  Engine A e r o s b e l l s  a t  Angle-of-Attack 
0 Shadowgraphs of t h e  f low f i e l d  abou t  t h e  t h r e e  e n g i n e  60 a e r o -  
s h e l l  a t  a n g l e - o f - z t t a c k ,  a t  l/Im = 0 , 6  and 2 . 0 ,  are p r e s e n t e d  i n  F i g u r e s  83 
and 84. The shadowgraph i n  F i g u r e  83 was t a k e n  a t  an  a n g l e - o f - a t t a c k  of 
minus 1 6 . 8  d e g r e e s ,  Moo = 0 ,60  and C = 3.92.  The shadowgraph ( F i g u r e  84) was T 
made a t  minus 9 d e g r e e s  a n g l e - o f - a t t a c k ,  CT = 1 . 0 3  and M m =  2.0.  
3 .2 .8  Shadowgraphs of t h e  Flow F i e l d  abou t  
A e o r s h e l l s  w i t h  T h r o t t l e d  Engines  - = 0' 
0 The aerodynamic c h a r a c t e r i s t i c s  of t h e  t h r e e  e n g i n e  60 a e r o s h e l l ,  
w i t h  some of i t s  e n g i n e s  t h r o t t l e d  t o  p a r t i a l  t h r u s t ,  was i n v e s t i g a t e d  a t  
Moo = 0 .60 ,  1 .05  and 2 . 0 ,  Measurements were  made f o r  eng ine  1 t h r o t t l e d  t o  
112 and 114 t h r u s t  and f o r  eng ines  2 and 3 s imul taneous ly  t h r o t t l e d  t o  112 
and 1 / 4  t h f u s t  (Tab le  LV) , The e f f e c t s  of e n g i n e  t h r o t t l i n g  were i n v e s t i g a t e d  
b e c a u s e  eng ine  t h r o t t l i n g  a f f o r d s  a n  a c t i v e  means by which t h e  a e r o s h e l l  
a t t i t u d e  may b e  c o n t r o l l e d .  Engine t h r o t t l i n g  was accomplished by p l a c i n g  
o r i f i c e s  i d  t h e  i n d i v i d u a l  eng ine  supp ly  t u b e s  on t h e  supp ly  s i d e  of t h e  f low 












0 Figure 83 Shadowgraph of Flow Fie ld  About T h r e e  Engine 60 Aeroshe l l  a t  
Angle of A t t a c k M  " 0 . 6 0 ,  a =  -16.a0,  
M3 
C T  = 3 .  9 2 .  
0 F igu re  84 S h a d o ~ ~ g r a p h  of Flew l?iie%d About T h r e e  Engine 60 Ae roshe l l  a t  
A n g l e o f A t t a c k M  = 2-0, a =  -9.0°, C " 1 .03 .  
00 T 
Shadowgraphs of the  flow f i e l d  about t h e  mul t ip l e  engine aero-  
s h e l l  a t  zero  angle-of-at tack a r e  o f f e red  i n  Figures  85 and 86. F igure  85 
cons iders  t h e  flow f i e l d  a t  Moo = 2.0 when engine 1 i s  t h r o t t l e d  t o  114  t h r u s t .  
The t o t a l  t h r u s t i n g  c o e f f i c i e n t  was 4.0 w i th  t h e  i n d i v i d u a l  engine t h r u s t i n g  
c o e f f i c i e n t s  o f C  = 0 . 4 , C  = 1 . 8 a n d C  = 1 . 8 .  A f r o n t v i e w o f t h e  
T ~ l  T ~ 2  T~ 3  
a e r o s h e l l ,  no t ing  t h e  engine o r i e n t a t i o n  f o r  t h e  shadowgraph (Figure 85 ) ,  
i s  d isp layed  i n  t h e  upper l e f t  hand corner .  F igure  86 p re sen t s  a  shadowgraph I 
I 
of t h e  flow f i e l d  a t  Moo = 2.0 wi th  engine 2  and engine 3  s imultaneously 
t h r o t t l e d  t o  114 t h r u s t .  The t o t a l  t h r u s t i n g  c o e f f i c i e n t  is  2.8 w i t h  t h e  
fol lowing d i s t r i b u t i o n :  C = 1 . 7 ,  C = 0 . 5 a n d C T  = '0 .6 .  
T ~ l  T ~ 2  E3 
3.2.9 E f f e c t  of Engine T h r o t t l i n g  on the  
Forebody Axial  Force Coef f i c i en t  
The forebody a x i a l  f o r c e  c o e f f i c i e n t s  f o r  ' va r ious  engine t h r o t t l i n g  
conf igu ra t ions  a r e  p l o t t e d  i n  Figures  87 through 92. The v a r i a t i o n  of Eore- 
body drag  c o e f f i c i e n t  wi th  t h r u s t i n g  c o e f f i c i e n t  f o r  engine 1 t h r o t t l e d  t o  I 
112 and 114 t h r u s t  and Moo = 0.60,  1.05 and 2.0 a r e  noted i n  Figures  87 ,  89 
and 91. The v a r i a t i o n  of forebody a x i a l  f o r c e  c o e f f i c i e n t ,  f o r  a e r o s h e l l  
v e h i c l e s  which a r e  no t  t h r o t t l e d  b u t  ope ra t e  a t  t h e  same t o t a l  t h r u s t i n g  
c o e f f i c i e n t ,  i s  noted on these  f i g u r e s  f o r  comparison. The v a r i a t i o n s  of 
forebody drag c o e f f i c i e n t  w i th  t h r u s t i n g  c o e f f i c i e n t ,  f o r  engine 2  and 
engine 3  s i tnul taneously t h r o t t l e d  t o  112 and 114 t h r u s t  and Moo = 0.60,  1 .05  
0 
and 2.0,  a r e  noted i n  F igures  88, 90 and 92. Data f o r  t h e  th ree  engine 60 
a e r o s h e l l ,  wi thout  t h r o t t l i n g ,  i s  shown f o r  comparison. A t  subsonic speeds 
(Moo = 0.60) and low t h r u s t i n g  c o e f f i c i e n t s  (C < 6 ) ,  t h e  a x i a l  f o r c e  c o e f f i c i e n t  T 
i n c r e a s e s  a s  t h e  engines a r e  t h r o t t l e d  (Figures  87 and 88) .  A t  t r a n s o n i c  
speeds ,  t h e  a x i a l  f o r c e  c o e f f i c i e n t  a r e  t h e  same, w i th  and without  t h r o t t l i n g  
i f  t h e  thruts t ing c o e f f i c i e n t  i s  l e s s  than about t h r e e ,  i . e .  C < 3.0 T  - 
(Figures  89 and 90) .  While a t  supersonic  f r e e  s t ream condi t ions ,  t h e  v a r i a t i o n  
of a x i a l  fo'rce with and wi thout  t h r o t t l i n g  a r e  appreciably d i f f e r e n t  (Figures  9 1  
and 92) .  
0 Figure 85 Flow F ie ld  of Three Engine, 60 Aeroshell - Engine 1 
Throttled to 1/4 Thrust M = 2 . 0 ;  C T  































































































3 . 2 . L Q  E f f e c t i v e n e s s  of Engine T h r o t t l i n g  
f o r  P i t c h  C o n t r o l  
- ----- - - - 
The t o t a l  p i t c h i n g  moment a c t i n g  on t h e  a e r o s h e l l  i s  t h e  sum of 
t h e  p i t c h i n g  moment due t o  p r e s s u r e  f o r c e s  a c t i n g  on t h e  a e r o s h e l l  s u r f a c e ,  
C,, and t h e  p i t c h i n g  moment due t o  imbalances  i n  t h e  eng ine  t h r u s t s ,  C 
PI' f 
- ( i . e .  CM - + C ) P i t c h i n g  moment c o e f f i c i e n t s  were p r e s e n t e d  i n  M~ 
M~ 
o  S e c t i o n  3 , 2 . 6  f o r  t h e  t h r e e  e n g i n e  60 a e r o s h e l l  o p e r a t i n g  w i t h  e q u a l  e n g i n e  
t h r u s t s  (no t h r o t t l i n g ) ,  I n  t h a t  c a s e ,  t h e  p i t c h i n g  moment was due e n t i r e l y  
t o  imbalances  i n  t h e  p r e s s u r e  f o r c e s  a c t i n g  on t h e  s u r f a c e  of t h e  a e r o s h e l l  
( i . e .  CM = C ) The p i t c h i n g  moment due t o  imbalances  i n  t h r u s t  was z e r o .  
Mf 
(C$ 
= 0 )  I n  t h e  p r e s e n t  c a s e  which c o n s i d e r s  e n g i n e  t h r o t t l i n g ,  c o n t r i b u t i o n s  
from p r e s s u r e  f o r c e s  and unbalanced t h r u s t  must b e  c o n s i d e r e d  t o  o b t a i n  t h e  
t o t a l  p i t c h i n g  moment a c t i n g  on t h e  a e r o r h e l l ,  
0 The t o t a l  p i t c h i n g  moment a c t i n g  on t h e  t h r e e  e n g i n e  60 a e r o -  
s h e l l ,  a s  e n g i n e  one i s  t h r o t t l e d  t o  112 and t h e n  t o  1 / 4  t h r u s t ,  i s  shown i n  
F i g u r e  93 f o r  Ma, = 2,0, A nose  down p i t c h i n g  moment i s  a p p l i e d  t o  t h e  
v e h i c l e  when e n g i n e  1 is  t h r o e t l e d .  The t h e o r e t i c a l  change i n  p i t c h i n g  moment 
due t o  t h r o t t l i n g  engine 1 a l o n e  i s  g i v e n  by t h e  formula:  
The cor responding  t h e o r e t i c a l  change i n  p i t c h i n g  moment due t o  t h r o t t l i n g  
e n g i n e  2 and e n g i n e  3 s i m u l t a n e o u s l y  i s :  
A G = f.41 A cT I 
' % 2 - ~ 3  
where AC i s  t h e  change i n  t h r u s t  of one of t h e  e n g i n e s .  A nose  up p i t c i n g  T  
moment i s  a p p l i e d  t o  t h e  a e r o s h e l l  vhen e n g i n e  2 and e n g i n e  3 are t h r o t t l e d  
s i m u l t a n e o u s l y .  
The t h e o r e t i c a l  change i n  p i t c h i n g  moment due t o  t h r o t t l i n g  
e n g i n e  1 ( F i g u r e  93) t o  1 / 2  t h r u s t  f o r  CT = 1 . 7 1  i s  AC = - . I 3 7  w h i l e  t h a t  
M~ 1 
f o r  1 / 4  t h r u s t  and CT = 1 , 6 2  is AC = r . 2 1 6 ,  The d a t a  i n d i c a t e s  t h a t  
M ~ 2 - ~ 3  
t h e  t h e o r e t i c a l  change i n  p i t c h i n g  moment expec ted  from imbalances  i n  t h r u s t  
was n o t  r e a l i z e d  ( F i g u r e  9 3 ) .  A change i n  p i t c h i n g  moment i n  t h e  nose  down 
d i r e c t i o n  d i d  occur  b u t  n o t  of t h e  expec ted  magni tude.  Th is  i s  due t o  t h e  
f a c t  t h a t  t h e  p r e s s u r e s  a c t i n g  on t h e  a e r o s h e l l  i n c r e a s e d  a s  t h e  e n g i n e  was 
t h r o t t l e d  t h u s  r e d u c i n g  t h e  expec ted  change of p i t c h i n g  moment. T e s t s  were  
n o t  performed a t  n e g a t i v e  a n g l e s - o f - a t t a c k  w i t h  e n g i n e  1 t h r o t t l e d  i n  o r d e r  
t o  minimize t h e  t u n n e l  test  t ime  and because  t h r o t t l i n g  e n g i n e  1 a t  n e g a t i v e  
a n g l e s  would f o r c e  t h e  a e r o s h e l l  t o  i n c r e a s i n g l y  n e g a t i v e  a n g l e s .  
The p i t c h i n g  moment c o e f f i c i e n t ,  w i t h  eng ine  2  and e n g i n e  3 
t h r o t t l e d  t o  112 and t h e n  114 t h r u s t ,  i s  shown i n  F i g u r e  94 f o r  Mm = 2 . 0 .  
The e f f e c t i v e n e s s  of e n g i n e  t h r o t t l i n g  f o r  p i t c h  c o n t r o l  is shown 
i n  F i g u r e s  95 and 96 f o r  MOO = 2.0 and F i g u r e s  97 and 98 f o r  M O O =  1 . 0 5 .  
T h r o t t l i n g  e f f e c t i v e n e s s  i s  d e f i n e d  a s  t h e  r a t i o  of change i n  p i t c h i n g  moment 
measured e x p e r i m e n t a l l y  t o  t h e  t h e o r e t i c a l  change i n  p i t c h i n g  moment due t o  
unbalanced e n g i n e  t h r u s t  , AC / A c  The e f f e c t i v e n e s s  v a r i e s  markedly 
%XP M ~ ~ ~ o ~  
w i t h  t h r u s t i n g  c o e f f i c i e n t  l e v e l  and a t  t r a n s o n i c  and s u p e r s o n i c  f l i g h t  s p e e d s ,  
a twenty p e r c e n t  r e d u c t i o n  i n  t h e  e f f e c t i v e n e s s  may b e  exper ienced .  At sub- 
s o n i c  s p e e d s  t h e  expec ted  change i n  p i t c h i n g  moment was a lmost  ach ieved .  
3 .2 .11  A e r o s h e l l  C h a r a c t e r i s t i c s  w i t h  
Helium Exhaust  Flaw 
The t h r e e  e n g i n e  60' a e r o s h e l l  was t e s t e d  i n  c o n j u n c t i o n  w i t h  
he l ium e x h a u s t  f low.  The v a r i a t i o n  i n  fo rebody  a x i a l  f o r c e  c o e f f i c i e n t  w i t h  
he l ium e x h a u s t  f low i s  p l o t t e d  i n  F i g u r e  99 f o r  Ma = 0.60.  The r e s u l t s  w i t h  
m u l t i p l e  a i r  n o z z l e s  a r e  shown f o r  comparison.  S i n g l e  e n g i n e  a i r  and hel ium 
n o z z l e  d a t a  i s  a l s o  p l o t t e d  i n  F i g u r e  99.  The forebody d r a g  c o e f f i c i e n t  f o r  
t h e  a e r o s h e l l  w i t h  he l ium e x h a u s t  f l o w  d e c r e a s e s  more r a p i d l y  w i t h  t h r u s t i n g  
c o e f f i c i e n t  than f o r  a i r  e x h a u s t  f l o w ,  
The v a r i a r i o n s  a£ rhe ~ ~ o t a l  x i a l  f o r c e  c o e f f i c i e n t  w i t h  he l ium 
exhaus t  f low a t  Moo - l , 5  and 2.0 a r e  shown i n  F i g u r e s  100 and 101  r e s p e c t i v e l y ,  
Da ta  f o r  t h ree  e n g i n e  a i r  n o z z l e  2 - a e r o s h e l l  c o n f i g u r a t i o n  i s  shown f o r  
comparison,  a s  w e l l  a s  s i n g l e  e n g i n e  a i r  and hel ium exhausr. f low d a t a ,  The 
t o t a l  a x i a l  f o r c e  w i t h  t h r e e  eng ine  he l ium exhaus t  f low l i e s  below t h e  t h r e e  
e n g i n e  a i r  n o z z l e  d a t a  a t  b o t h  Mach numbers. T o t a l  a x i a l  f o r c e  a m p l i f i c a t i o n  
s t i l l  o c c u r s ,  b u t  a t  a -eciuceci L C ~ T ~ C ~ ~ ,  However, t h e  d i f f e r e n c e  between t h e  
s i n g l e  and t h r e e  eng ine  hel ium d a t a  i s  a b o u t  e q u a l  t o  t h e  d i f f e r e n c e  between 
t h e  s i n g l e  and t h r e e  e n g l n e  a i r  d a t a .  'The t h r u s t i n g  c o e f f i c i e n t  f o r  whish t h e  
hel ium t o t a l  a x i a l  f o r c e  becomes n e a r l y  e q u a l  t o  t h e  t h r u s t i n g  c o e f f i c i e n t  
a l o n e  o c c u r s  a t  lower t h r u s t j n g  c o e f f i c f e r a t s  f o r  t h e  hel ium exhaus t  f l o w  d a t a  
t h a n  f o r  t h e  a i r  exhaus t  f low d a t a ,  Th i s  d a t a  i n d i c a t e s  t h a t  s u b s t a n t i a l  
d i f f e r e n c e s  occur when df f fere~ilr .  exFLaus t gas composi t ions  a r e  used ,  
The c i r c u m f e r e n t i a l  p r s s u r c  d i s r r i b u ~ i o n  f o r  t h e  t h r e e  e n g i n e  
0 60 a e r o s h e l l  w i t h  he l ium exhausz f low is  noted i n  F i g u r e s  102 through 105.  
Condi t ions  a t  Moo - 1 , 5  and CT = 0 - 3  a r e  shown i n  F igure  102 w h i l e  t h o s e  a t  
Ma '- 1 . 5  arid C = 0 , 7 ,  Mm = 2-0 and C = 6 - 3 ,  and Moo = 2.0 and CT = 0 .6  a r e  T  T 
shown i n  F i g u r e s  103 ,  104 and 105 r e s p e c t i v e l y .  
3.3 Comparisons o  imen t 
The e lements  used i n  t h e  s o l u t i o n '  of t h e  f low f i e l d  abou t  a s i n g l e  jet 
a e r o s h e l l  i n  t h e  b l u n t  f low regime a r e  shown i n  F i g u r e  106.  The a tmospher ic  
and r e t r o r o c k e t  g a s e s  a r e  c r e a t e d  a s  chemica l ly  f r o z e n  p e r f e c t  gases  i n  t h e  
a n a l y s e s .  The a n a l y t i c a l  a n a l y s i s  of H i l l  and kaper l1  i s  used t o  d e s c r i b e  
t h e  f low ffaom t h e  n o z z l e .  The j e t  boundary i s  l o c a t e d  by t h e  s i m p l e  
approximate  method of ~ h a r w a t " .  The t e r m i n a l  shock i s  l o c a t e d  s o  c h a t  i t  
w i l l  i n c r e a s e  t h e  j e t  p r e s s u r e  t o  t h a t  of t h e  d e c e l e r a t e d  f r e e  s t r e a m  a t  t h e  
f r e e  s t a g n 2 , t l o n  p o i n t .  
For a  s p e c i f i e d  f r e e  s t r e a m  s t a g n a t i o n  p o i n t  p r e s s u r e ,  t h e  t e r m i n a l  shock 
l o c a t i o n  i s  de te rmined  us-ir~g t h e  jet Slow model of B i l l  and Draper  f o r  t h e  
c e n t e r l i n e  d e n s i t y  and Mach ntirnber decay and e q u a t i o n s  f o r  c o n d i t i o n s  a c r o s s  a 
normal shock, The f i n a l  l o r o t f  on cif the tc r rn jna l  shock wave i s  found by 
i i e r a t a n g  on ~ i i e  d i f  r'ererzc e lie! ,,: 1 ! ~ 6 - 3  desired p re s su re  and t h e  p r e s s u r e  behind 
t h e  normal shock u n t i l  t h i s  difference is  z e r o ,  
The i n t e r f a c e  between t h e  shocked f r e e  s t ream g a s e s  and t h e  r e t r o j e t  
g a s e s  is  de te rmined  u s i n g  a momentum b a l a n c e  a n a l y s i s  which i s  similar t o  
1 3  
t h a t  used by P i n l e y  The c o n t r o l  s u r f a c e  used f o r  t h e  momentum b a l a n c e  i s  
t a k e n  t o  be  a  s p h e r i c a l l y  b l u n t e d  cone w i t h  cone semi-apex a n g l e  a and t h e  
C 
d i a m e t e r  of t h e  b l u n t i n g  s p h e r e  d  For s u p e r s o n i c  f r e e  s t r e a m  Mach numbers f  * 
g r e a t e r  t h a n  M W L l . 5 ,  t h e  p r e s s u r e  a c t i n g  on t h e  s p h e r i c a l  p o r t i o n  of t h e  
c o n t r o l  volume i s  assumed t o  b e  t h a t  g i v e n  by modi f i ed  Newtonian t h e o r y .  
I n  Refe rence  1, i t  was shown t h a t  t h e  d i s t a n c e  t o  t h e  t e r m i n a l  shock and 
t h e  d i a m e t e r  of t h e  b l u n t i n g  s p h e r e ,  d f P  v a r y  as t h e  s q u a r e  r o o t  of t h e  
t h r u s t i n g  c o e f f i c i e n t  i. e  , The l o c a t i o n  of t h e  c e n t e r  of t h e  b l u n t i n g  
s p h e r e  is found by de te rmin ing  t h e  i n t e r f a c e  s t a n d o f f  d i s t a n c e , &  ( i . e .  t h e  
d i s t a n c e  between t h e  j e t t e r m i n a l  shock  wave and t h e  i n t e r f a c e )  from a 
c o n s e r v a t i o n  of mass b a l a n c e .  The bow shock l o c a t i o n  i s  de te rmined  by 
c o n s i d e r i n g  t h e  i n t e r f a c e  a s  a n  e q u i v a l e n t  s o l i d  s p h e r i c a l  body w i t h  a  g i v e n  
n o s e  r a d i u s  and u s i n g  t h e  method of Refe rence  14.  
A comparison of t h e o r y  and exper iment  i s  made i n  F i g u r e s  107 through 109 
f o r  a  s i n g l e  c e n t r a l l y  mounted r e t r o r o c k e t  u s i n g  a i r  e x h a u s t  f low.  The 
shadowgraph (F igure  107)  was t a k e n  a t  Ma = 2 - 0  and CT = 4.0.  S u r f a c e  p r e s s u r e  
measurement a t  t h e s e  c o n d i t i o n s  i n d i c a t e  t h a t  r ea t t achment  of t h e  mixing l a y e r  
t o  t h e  a e r o s h e l l  s u r f a c e  i s  o c c u r r i n g  c r e a t i n g  a  s e p a r a t e d  r e g i o n  bounded by 
t h e  a e r o s h e l l  s u r f a c e ,  j e t  boundary and mixing l a y e r .  
A  comparison of t h e o r y  and exper iment  i s  made i n  F i g u r e  108  f o r  Moo = 1 . 5  
and CT = 4.0 .  At t h i s  t h r u s t i n g  c o e f f i c i e n t ,  t h e  a e r o s h e l l  i s  immersed i n  a  
c o n s t a n t  p r e s s u r e  s e p a r a t e d  f low r e g i o n  whose p r e s s u r e  is  e q u a l  t o  55 p e r c e n t  
of t h e  f r e e  s t r e a m  s t a t i c  p r e s s u r e  and wake t y p e  f low e x i s t s .  
Another comparison of t h e o r y  and exper iment  i s  made i n  F i g u r e  109 f o r  
Moo = 2 .0  and CT = 6.0 .  A comparison i n  g r a p h i c a l  form is  p r e s e n t e d  i n  F i g u r e  
110.  I n  a l l  t h e  p r e c e d i n g  c o m @ a r i s ~ n s ,  t h e  shadowgraph f low f i e l d  geometry i s  
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Figure 1 0 9  C s r n p z , ~  ~ s t ~ g i  ii Theory and Experiment on 
Single Nor/ - t -. 60' Aereshekl, 

4 .  CONCLUSIONS 
The f o l l o w i n g  c o n c l u s i o n s  rnny b e  drawn from t h e  above summarized 
i n v e s t i g a t i o n s .  
l, Mars l a n d e r  c o n d i t i o n s  can b e  s i m u l a t e d  i n  a  wind t u n n e l .  S i m u l a t i o n  
of b o t h  t h e  v a r i a t i o n  of t h r u s t i n g  c o e f f i c i e n t ,  C T ,  w i t h  Mach number, 
Moo a.nd n o z z l e  pa ramete rs  w i t h  d i f f e r e n t  f r e e  stream and e n g i n e  s p e c i f i c  
h e a t  r a . t ios  was a c h i e v e d ,  
2 .  The s i n g l e  n o z z l e  f low f i e l d  e x h i b i t s  two regimes of j e t  p e n e t r a t i o n .  
At low t h r u s t i n g  c o e f f i c i e n t s ,  long  jet p e n e t r a t i o n  occurs  and t h e  j e t  
t o t a l  head decays  by mixing,  A t  Larger  t h r u s t i n g  c o e f f i c i e n t s ,  a  s h o r t ,  
b l u n t  j e t - f low i n t e r a c t i o n  occurs  and j e t  t o t a l  head decays  t h e n  by a  
termirk1 shock wave, 
3 ,  T-fansi t ion between l o n g  j e t  p e n e t r a t i o n  and b l u n t  j e t - f l o w  i n t e r a c t i o n  
o c c u r s  a t  a f i x e d  r a t i o  of t h e  j e t  e x i t  t o  f r e e  s t r e a m  p r e s s u r e ,  
P / Pa , f o r  a l l  s u p e r s b n i c  f r e e  s t r e a m  Mach numbers and e n g i n e  s i z e s  
" 4  J 
t e s t e d ,  Corresponding t h r u s t i n g  c o e f f i c i e n t s  (C ' s )  a r e  i n  t h e  range T  
4 .  I n  t h e  b l u n t  j e t - f  l o w  i n t e r a . c t i o n  regime,  a t h e o r e t i c a l  a n a l y s i s  
i s  p r e s e n t e d  which p r e d i c r s  t h e  main f e a t u r e s  of t h e  f l o w  p a t t e r n  q u i t e  
w e l l ,  The t h e o r y  1oca.te.s t h e  t e r m i n a l  shock ,  j e t  boundary,  i n t e r f a c e  
and bow shock wave. 
5, For t h e  s i n g l e  e n g i n e  c o n f i g u r a t i o n s ,  t h e  t o t a l  r e t r o f o r c e  i s  f i r s t  
reduced by a p p l y i n g  r e t r o t h r u s t ,  Then a s  t h e  t h r u s t i n g  c o e f f i c i e n t  
i n c r e a s e s  (C : I ) ,  the t o t a l  r e t r o f o r c e  becomes approx imate ly  e q u a l  t o  
'I-- 
t h e  r e t r o t h r u s t ,  
0 6 .  For t h e  t h r e e  e n g i n e  60 a e r o s h e l l  c o n f i g u r a t i o n ,  t h e  t o t a l  r e t r o -  
f o r c e  i s  i n c r e a s e d  by a p p l y i n g  r e t r o t h r u s t .  The magnitude of t h e  en- 
largement  i n c r e a s e s  a s  t h e  f r e e  s t r e a m  Mach number i n c r e a s e s  and a t  
M o o =  2 .0  l e a d s  t o  a  t o t a l  r e t r o f o r c e  of t w i c e  t h e  r e t r o t h r u s t  a t  C = 1 . 0 .  T  
At l a r g e r  v a l u e s  of t h r u s t i n g  c o e f f i c i e n t ,  t h e  t o t a l  r e t r o f o r c e  l e v e l s  
o f f  and e v e n t u a l l y  (C > 3 )  i t  becomes approx imate ly  e q u a l  t o  t h e  r e t r o -  T  
t h r u s t .  The t o t a l  a x i a l  f o r c e  of t h e  t h r e e  e n g i n e  c o n f i g u r a t i o n  i s  
s u b s t a n t i a l l y  g r e a t e r  a t  M o o =  2 .0  t h a n  t h a t  of a  s i n g l e  e n g i n e  a e r o s h e l l  
when b o t h  o p e r a t e  a t  t h e  same t o t a l  r e t r o t h r u s t  and C < 2.0 .  T  - 
7 .  For t h e  s i n g l e  eng ine  c o n f i g u r a t i o n ,  t h e  p i t c h i n g  moment c u r v e  i s  
l i n e a r  up t o  a n g l e s - o f - a t t a c k  of a t  least s i x  d e g r e e s  a t  a l l  f r e e  
s t r e a m  Mach numbers and t h r u s t i n g  c o e f f i c i e n t s  t e s t e d .  A p p l i c a t i o n  of 
r e t r o t h r u s t  i s  s t a b i l i z i n g  a t  a l l  Mach numbers f o r  C < 2.5 ,  T  - 
0 8. A p p l i c a t i o n  of r e t r o t h r u s t  t o  t h e  t h r e e  e n g i n e  60 a e r o s h e l l  con- 
f i g u r a t i o n  p roduces  n o n - l i n e a r  p i t c h i n g  moment and normal f o r c e  c u r v e s  
a t  s u b s o n i c  (Moo = 0 . 6 ) ,  t r a n s o n i c  (Moo = 1 .05)  and s u p e r s o n i c  (Moo = 2 .0)  
Mach numbers, The amount of n o n l i n e a r i t y  i n c r e a s e s  w i t h  i n c r e a s i n g  
Mach number. The shape  of t h e  p i t c h i n g  moment curve  depends on t h e  
r o l l - o r i e n t a t i o n  of t h e  p i t c h  p l a n e  w i t h  r e s p e c t  t o  t h e  e n g i n e s .  
9 .  At t r a n s o n i c  and s u p e r s o n i c  f r e e  s t r e a m  Mach numbers, a twenty 
p e r c e n t  r e d u c t i o n  i n  t h e  e f f e c t i v e n e s s  of e n g i n e  t h r o t t l i n g  f o r  p i t c h  
c o n t r o l s  was found.  
1 0 .  The e n g i n e  exhaus t  gas  composi t ion ( a i r  o r  hel ium) i n f l u e n c e s  t h e  
aerodynamic c h a r a c t e r i s t i c s  of t h e  a e r o s h e l l - r e t r o r o c k e t  sys tem.  
11. The number and l o c a t i o n  of t h e  eng ines  i n  a r e t r o r o c k e t - a e r o s h e l l  
combinat ion h a s  a  s t r o n g  i n f l u e n c e  on t h e  s t a b i l i t y  and d r a g  when 
r e t r o r h r u s t  i s  a p p l i e d .  
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A . 1  THE MACHINE - PDP-I0 
The program was w r i t t e n  on t h e  Sanders A s s o c i a t e s  Time Shar ing  Computer, 
t h e  D i g i t a l  Equipment C o r p o r a t i o n  PDP-10. The r e q u i r e d  c o r e  s t o r a g e  is  
approx imate ly  20K, 
A. 2 THE LANGUAGE - FORTRAN I V  
l The program was w r i t t e n  i n  t h e  PDP-10 v e r s i o n  of FORTRAN I V  USA Standard  
F o r t r a n 2  i s  a  s u b s e t  of PDP-10 FORTRAN. For example,  mixed mode e x p r e s s i o n s  
a r e  a l lowed ,  b u t  were n o t  used i n  o r d e r  t o  make t h e  program compat ib le  w i t h  
4 I B M  7094 FORTRAN I V ,  VERSION 1 3 ~ ,  o r  UNIVAC 1108 FORTRAN V . J u s t  a b o u t  t h e  
on ly  t h i n g s  n o t  a l lowed i n  PDP-10 FOR I V  a r e  ENTRY, non-s tandard RETURNS, and 
T  f i e l d  d e s c r i p t o r s .  
A.3 MODIFICATIONS FOR BATCH PROCESSING ON OTHER THAN PDP-10 COMPILERS 
I n  o r d e r  t o  f o l l o w  t h e  p r o g r e s s  of t h e  i t e r a t i o n  schemes, t h e  c u r r e n t  
v e r s i o n  of t h e  program does n o t  have a  f o r m a l  o u t p u t  s u b r o u t i n e ,  b u t  h a s  a 
number of TYPE s t a t e m e n t s  throughout  t h e  program. The f o l l o w i n g  i t e m s  i n  t h e  
program would p robab ly  have t o  b e  changed f o r  o t h e r  FORTRAN compi le r s .  
a )  Replace  TYPE 105 ,  l i s t  by WRITE (IOUT, 1 0 5 ) ,  l i s t  i n  a f o r m a l  
o u t p u t  s u b r o u t i n e .  
b )  D e l e t e  t h e  l e a d i n g  5 X  o r  6 X  i n  i n p u t  (READ) f o r m a t s .  
c )  Alphameric v a r i a b l e s  ( e i t h e r  i n t e g e r  o r  r e a l )  a r e  modulo A5. 
d)  ' ( a p o s t r o p h e )  is  used as d e l i m i t e r  f o r  H o l l e r i t h  f i e l d s .  
e )  $ ( d o l l a r  s i g n )  a t  t h e  end of a  fo rmat  is  used t o  h o l d  t h e  p r i n t  l i n e .  
f )  The f r e e  f i e l d  f o r m a t s  (such a s  I ,  5F) would have t o  b e  changed. 
g) INPUT/OUTPUT l o g i c a l  u n i t  ass ignment  a s  w e l l  a s  t h e  f i l e  h a n d l i n g  
c a l l s  (IFILE, RELEAS) . a r e  p robab ly  i n c o m p a t i b l e .  
h )  The DATE, TIME c a l l s  a r e  u s u a l l y  d i f f e r e n t  f o r  each i n s t a l l a t i o n .  
i) The FUNCTIONS COTAN, TAN and ERF a r e  i n c l u d e d  because  they  were  n o t  
i n  t h e  PDP-10 l i b r a r y .  They s h o u l d  b e  d e l e t e d  i f  they  e x i s t  i n  t h e  
l o c a l  l i b r a r y .  
A. 4 PROGRAM ELEMENTS 
The program c o n s i s t s  of a MAIN program and a l o n g  number of FUNCTION 
and SUBROUTINE subprograms. 
The f o l l o w i n g  program e lements  a r e  used :  
a )  A r i t h m e t i c  o p e r a t i o n s  
b >  L o g i c a l  and a r i t h m e t i c  IF 'S  
c) L i b r a r y  f u n c t i o n s ,  s e p c i f i c a l l y  
ABS, A M l ,  FLOAT, MTNO,  SQRT, SIN, COS, ATAN, 
ASIN ( c a l l e d  ARSIN i n  some sys tems)  and EXP ( i n  ERF on ly)  
d )  BLOCK DATA subprogram, l a b e l e d  COMMON, CALL EXIT, and t h e  DATA, 
DIMENSION, EXTERNAL, STOP, RETURN and END s t a t e m e n t s .  
e )  READing i s  from c a r d s  and WRITEing is on t h e  p r i n t e r .  
A.5 PROGRAM STRUCTURE AND DESCRIPTION 
A.5.1  Naming Conventions 
I n  o r d e r  t o  f a c i l i t a t e  r e a d i n g ,  m o d i f i c a t i o n  and debugging of t h e  
program, v a r i a b l e  names and s u b s c r i p t s  were made a s  mnemonic as p o s s i b l e .  
Fur the rmora ,  doub le  s u b s c r i p t s  were  used t o  deno te  a f u n c t i o n  of two v a r i a b l e s  
o r  t h e i r  r e l t io .  The f o l l o w i n g  examples w i l l  c l a r i f y  t h e  n o t a t i o n .  
WMOL (JET) i s  t h e  je t  molecu la r  weight  
EMACH (INP) is  t h e  f r e e  stream Mach Number 
A (JET, ITOTAL) i s  t h e  j e t  t o t a l  sound speed 
T (INF, ISTAT) i.s t h e  f r e e  s t r e a m  s t a t i c  t empera tu re  
RHO (INF, IRATIO) is  t h e  r a t i o  of t h e  f r e e  s t r e a m  t o t a l  t o  t h e  
f r e e  s t r e a m  s t a t i c  d e n s i t y .  
P (INF, IPITOT) is  t h e  f r e e  s t r e a m  p i t o t  p r e s s u r e  
ENTHAL (INP, 1 )  i s  t h e  f r e e  s t r e a m  t o t a l  e n t h a l p y  
ENTHAL (JET, 1 )  i s  t h e  jet t o t a l  e n t h a l p y  
ENTHAL (INF, JET) i s  t h e  r a t i o  H,/Ejet 
AR (JEXIT, JSTAR) is  t h e  a r e a  r a t i o ,  je t  e x i t  a r e a  t o  jet t h r o a t  
a r e a  
A.5.2 I n ~ u t  Data 
I n p u t  d a t a  i s  r e a d  from c a r d s  (6 c a r d s  r e q u i r e d  p e r  c a s e )  i n  sub- 
r o u t i n e  READIN. The d a t a  s t r u c t u r e  i s  s e t  up f o r  conven ien t  i n p u t  f o r  t h e  
f r e e  f l i g h t  c a s e  ( r a t h e r  t h a n  f o r  t h e  wind t u n n e l  c a s e ) .  
Card I: NCAS, UNITIN, UNITOUT (11,  lX, 2A5) 
NCAS - 0 t e r m i n a t e s  t h e  r u n  
UNITIN, UNITOUT a r e  t h e  names of sys tem of u n i t s  of t h e  
i n p u t  and o u t p u t  d a t a  ( i . e .  CGS, MKS, ENGLISH) 
Card 2: IEND (12) 
IEND i s  t h e  maximum number of complete i t e r a t i o n  l o o p s  
Card 3 :  GAMMA(INF), WMOL(INF), P(INF, ISTAT), T(INF,  ISTAT), 
V (INF) (5F10.4) 
F r e e  s t r e a m  p r o p e r t i e s  - names are s e l f - e x p l a n a t o r y  
Card 4  : GAMMA(JET) , WMOL (JET) , P (JET, ITOTAL) , 
T (JET, ITOTAL) (4Fl0.4)  
Jet  p r o p e r t i e s  - s e l f - e x p l a n a t o r y  
Card 5: AR(JSTAR, 1 ) ,  AR(JEXIT, I ) ,  THETA(JEX1T) (3F10.4) 
Jet t h r o a t  a r e a ,  e x i t  a r e a  and n o z z l e  e x i t  ( h a l f )  a n g l e  
Card 6 :  AR(JBASE, I ) ,  AR(JFACE, 1 )  , THETA(M0D) (3F10.4) 
Base a r e a  of t h e  a e r o s h e l l ,  f a c e  a r e a  of t h e  a e r o s h e l l  
i f  o t h e r  than n o z z l e  e x i t  a r e a ,  a e r o s h e l l  ( h a l f )  a n g l e  
For t h e  wind t u n n e l  c a s e ,  i n p u t  shou ld  be  modif ied t o  r e a d  i n  t h e  
f r e e  s t r e a m  t o t a l  p r e s s u r e ,  t o t a l  t empera tu re  and Mach Number and t h e  c a l -  
c u l a t i o n  of f r e e  s t r e a m  p r o p e r r i e s  i n  s u b r o u t i n e  PRELIM r e a r r a n g e d .  
A.5.3 G e n e r a l i z e d  Program Flow-Chart 
A f t e r  t h e  i n p u t  d a t a  h a s  been r e a d  and t h e  p r e l i m i n a r y  c a l c u l a t i o n s  
have been f i n i s h e d ,  t h e  b l u n t i n g  s p h e r e  d iamete r  i s  c a l c u l a t e d  w i t h  t h e  
assumpt ion  t h a t  t h e  dead a i r  p r e s s u r e  i s  e q u a l  t o  t h e  f r e e  s t r e a m  s t a t i c  p r e s s u r e .  
I f  t h e  b l u n t i n g  s p h e r e  d iamete r  is  less t h a n  t h e  a e r o s h e l l  b a s e  
d i a m e t e r ,  t h e  f low geometry is  t h e  s h o u l d e r  a t t achment  c a s e  ( r e f e r r e d  t o  i n  
t h e  program comments a s  t h e  Two-Dimensional Case) .  Converse ly ,  t h e  f low 
geometry w i l l  b e  of t h e  wake t y p e  ( r e f e r r e d  t o  i n  t h e  program comments as t h e  
Three-Dimensional Case) .  
A.5.3.1 Shoulder  Attachment Case 
The dead a i r  p r e s s u r e  is found by i t e r a t i o n :  t h e  scheme 
i s  r e g u l a  f a l s i  w i t h  u p d a t i n g  anchors .  The dead a i r  p r e s s u r e  i s  assumed t o  
b e  t h e  geomet r ic  mean of t h e  f r e e  s t r e a m  s t a t i c  and p i t o t  p r e s s u r e s .  The 
b l u n t i n g  s p h e r e  d iamete r  and t h e  l o c a t i o n  of i t s  c e n t e r  a r e  c a l c u l a t e d .  The 
geometry of t h e  problem d e f i n e s  t h e  a n g l e  a of t h e  c o n i c a l  p o r t i o n  of t h e  
f low and hence t h e  dead a i r  p r e s s u r e .  
The dead a i r  e n t h a l p y  and c o n c e n t r a t i o n  a r e  found by 
i t e r a t i o n :  t h e  scheme i s  Newton-Raphson and t h e  d e r i v a t i v e s  a r e  o b t a i n e d  
n a m e r i c a l l y .  ~ I e n c e  i t  is  n e c e s s a r y  t o  go through t h e  loop  3 t i m e s  t o  u p d a t e  
t h e  v a r i a b l e s  , 
The dead a i r  e n t h a l p y  and c o n c e n t r a t i o n  a r e  assumed t o  be  
t h e  geomet r ic  and a r i t h m e t i c  mean, r e s p e c t i v e l y ,  of t h e  j e t  and f r e e  s t r e a m  
p r o p e r t i e s ,  I n  s u b r o u t i n e  M I X I N G ,  t h e  l o c a t i o n  of t h e  2nd i n t e r f a c e  (between 
t h e  b l u n t i a g  sphere-cone and body) i s  c a l c u l a t e d  as w e l l  a s  t h e  mass f lows  
e n t r a i n e d  a l o n g  one s i d e  of j e t  boundary and t h e  two i n t e r f a c e s .  The merging 
p o i n t  i s  reached where t h e  sum of t h e  e n t r a i n e d  mass f lows  e q u a l s  t h e  je t  mass 
f  Low, 
The merged l a y e r  p r o p e r t i e s  a r e  c a l c u l a t e d  i n  s u b r o u t i n e  
MERGEB. The i n t e g r a t i o n  is  c a r r i e d  o u t  by a  s t a n d a r d  Adams-Moulton r o u t i n e ,  
w i t h  Ringe-Kutta s t a r t i n g  and v a r i a b l e  s t e p  s i z e  ( s u b r o u t i n e  HPCG). The 
i n t e g r a t i o n  i s  t e r m i n a t e d  a t  t h e  siioihlder ( i h e  a t tachmenc p ~ i n t )  and t h e  t h r e e  
p r o f i l e  pa ramete rs  A ,  p, and v a s s o c i a t e d  w i t h  t h e  v e l o c i t y ,  e n t h a l p y  and 
c o n c e n t r a t i o n  p r o f i l e s  a t  t h e  a t t achment  p o i n t  r e s p e c t i v e l y  a r e  c a l c u l a t e d .  
The method i s  r e g u l a  f a l s i  i t e r a t i o n  w i t h  u p d a t i n g  anchor ( s u b r o u t i n e  PGEW) 
and 8  p o i n t  Gaussian q u a d r a t u r e  of t h e  p r o f i l e s  ( s u b r o u t i n e  QG8). 
The s e p a r a t i o n  s t r e a m l i n e  l o c a t i o n  is  found s i m u l a r l y  
and from i t ,  t h e  recompress ion p r e s s u r e .  
A.S.3,2 Wake Flow Case 
The g e n e r a l  scheme i s  v e r y  s i m i l a r  t o  t h e  s h o u l d e r  a t t a c h -  
ment c a s e .  Only t h e  d i f f e r e n c e s  w i l l  be  p o i n t e d  o u t  below. I n  o r d e r  t o  o b t a i n  
wake t y p e  f low,  t h e  dead a i r  r e g i o n  p r e s s u r e  must be  l e s s  t h a n  t h e  f r e e  s t r e a m  
s t a t i c  p r e s s u r e  and t h e  sphere-cone tangency p o i n t ,  THE,TA(NS), must o c c u r  at  
4 - > 90'. Thus t h e  Prandtl-Mayer equation is used t o  r e l a t e  l o c a l  p r e s s u r e  
63 
and a n l g e  f o r  4 > 90 . C l e a r l y  t h i s  i s  n o t  p o s s i b l e  i f  t h e  Mach Number a t  90 0 
i s  l e s s  t h a n  L , O  and computat ion i s  t e r m i n a t e d .  
The dead a i r  p r e s s u r e  is  assumed t o  b e  e q u a l  t o  h a l f  t h e  
f r e e  s t r e a m  s t a t i c  p r e s s u r e .  S ince  t h e r e  is  no geomet r ic  c o n s t r a i n t  a s  i n  t h e  
s h o u l d e r  a t t achment  c a s e ,  t h e  i t e r a t i o n  scheme must s o l v e  s i m u l t a n e o u s l y  f o r  
dead a i r  p r e s s u r e ,  e n t h a l p y  and c o n c e n t r a t i o n ,  hence i t  i s  n e c e s s a r y  t o  go 
through t h e  loop  4 t i m e s  t o  u p d a t e  t h e  v a r i a b l e s .  Fur thermore,  i t  is n o t  
known - a  -- p r i o r i  when t o  t e r m i n a t e  bhk merged l a y e r  i n t e g r a t i o n .  T h i s  is  done 
by a  mass b a l a n c e  which i n v o l v e s  c a l c u l a t i n g  t h e  p r o f i l e s  a s  t h e  i n t e g r a t i o n  
p roceeds  a l o n g  t h e  c o n i c a l  p o r t i o n  of t h e  f low.  I n t e g r a t i o n  i s  t e r m i n a t e d  
when t h e  hegght  r e q u i r e d  t o  p a s s  t h e  mass f low exceeds  t h e  g e o m e t r i c a l  h e i g h t  
( i n  s u b r o u t i n e  OUTP) , 
The s e p a r a t i o n  f i t r eaml ine  l o c a t i o n  is c a l c u l a t e d  and t h e  
recompress i ( ,n  p r e s s u r e .  Th i s  i s  compared w i t h  t h e  s t a t i c  p r e s s u r e  beh ind  t h e  
o b l i q u e  shock wave a t  t h e  wake neck, 
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